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ABSTRACT 
 
 SNARE-mediated Ca2+ triggered membrane fusion is essential for neuronal 
communication. The speed at which this process is orchestrated is further emphasized 
because it serves as a temporal limit for cognitive and physical activities. However, attempts 
to recapitulate SNARE-mediated membrane fusion with SNAREs and synaptotagmin 1 
(Syt1) between two single proteoliposomes came short in respect to Ca2+ sensitivity, speed 
and fusion efficiency compared to in vivo observations. This discrepancy raises concerns if 
there are some critical protein machinery that are missing or if the topology of the 
proteoliposome fusion assay does not faithfully represent synaptic vesicle and plasma 
membrane. Some suspect that the discrepancy might be due to the tight membrane curvature 
of proteoliposomes which may not mimic the relaxed curvature of the plasma membrane 
well. Others wonder if our long-standing dogma that SNAREs are the core membrane fusion 
machinery is valid.  
In this study we investigate the role of complexin (Cpx) in a well-defined in vitro 
environment. Specifically, we observed Ca2+-triggered SNARE-mediated content-mixing 
between two proteoliposome pairs with total internal reflection (TIR) microscopy. We find 
that Cpx enhances Ca2+-triggered vesicle fusion with the yield changing from approximately 
10% to 70% upon increasing Cpx from 0 to 100 nM. Unexpectedly, however, the fusion 
efficiency becomes reduced when Cpx is increased further, dropping to 20% in the µM 
range, revealing a bell-shaped dose-response curve.  
With our Cpx assisted in vitro single vesicle-to-vesicle fusion assay which has high 
efficiency and physiologically relevant Ca2+ sensitivity, we investigated the inhibitory of 
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effects botulinum toxins (BoNT) A and E.  BoNT A and E both block neurotransmitter 
release by specifically cleaving the C-terminal ends of SNAP-25, a plasma membrane 
SNARE protein. Here, we find that SNAP-25A and E, the cleavage products of BoNT A and 
E respectively, terminate membrane fusion via completely different mechanisms. 
Specifically, SNAP-25E halts membrane fusion prior to the docking stage due to its 
incapability to support SNARE pairing. In contrast, SNAP-25A leads the fusion pathway 
faithfully prior to the fusion pore opening. The EPR results show that the discrepancy 
between SNAP-25A and E might stem from the extent of the dynamic destabilization of the 
t-SNARE core at the N-terminal half which plays a pivotal role in nucleating SNARE 
complex formation. Thus, the results provide insights into the structure and dynamics-based 
mechanism whereby BoNT A and E impairs membrane fusion. 
While we observed the increase of Ca2+ sensitivity and fusion probability by 
incorporating Cpx into the in vitro single vesicle-to-vesicle fusion assay, we still were not 
able to observe fast synchronous fusion. Thus, we expand our investigation and probe the 
proteoliposome-to-supported bilayer fusion assay. We find that SNAREs, Syt1 and Ca2+ 
together can elicit more than a 50-fold increase in the number of membrane fusion events. 
What is more remarkable is that the docking-to-fusion delay of ~55% of all vesicle fusion 
occurs resides within 20 msec. Furthermore, Syt1 binding to t-SNAREs prior to Ca2+ inhibits 
spontaneous fusion leading to a loss of subsequent Ca2+ response. Thus, we propose a 
productive and non-productive pathway for Syt1 in which pre-binding of Ca2+ may be 
required for the productive pathway. We believe that the improved membrane fusion assay 
provides unprecedented opportunities to test the mechanistic models for Ca2+-triggered 
exocytosis in a time scale ever closer to the natural one. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Ca2+ triggered synaptic membrane fusion 
The core functions of the nervous system are based on the ability of neurons to 
communicate with each other in a regulated and precisely timed manner. Chemical 
messengers called neurotransmitters are released from the neuron into the synaptic cleft to 
relay an inter-neuronal signal (1). The neurotransmitters, which are encapsulated within 
synaptic vesicles, are released via the membrane fusion pathway (2). What is truly 
remarkable is how exquisitely the release of the neurotransmitters is orchestrated. Upon the 
influx of ~10 µM Ca2+, synaptic membrane fusion is massively synchronized to yield fusion 
of ~ 80% of primed vesicles in less than a millisecond (3). 
So what molecular machinery can exert this precise, efficient and fast fusion between 
membranes? It is now widely accepted that the highly-conserved soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE)-mediated membrane fusion pathway 
lies at the core of synaptic vesicle fusion (4, 5). However, it seems as though synaptic vesicle 
fusion may not be the sole achievement of SNAREs. While the details are still being 
unraveled, a major Ca2+ sensor synaptotagmin I (Syt1) and a small SNARE-binding protein 
complexin (Cpx) are two of many accessory proteins implicated in playing a vital role in 
synaptic membrane fusion (6-11). 
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1.2 SNAREs 
Fusion between two membranes is energetically unfavorable. In order for 
neurotransmitters to properly release into the synaptic cleft, via the membrane fusion 
pathway, a fusion machinery that can provide the energy to overcome this energy barrier is 
needed (12). The current model suggests that, at the core, SNAREs are responsible for 
driving membrane fusion (4, 5).  
There are three SNARE proteins that are involved: VAMP2 located on the synaptic 
vesicle membrane, and syntaxin 1a and SNAP-25 located on the synaptic plasma membrane. 
Due to their location, prior to membrane fusion, VAMP2 is also referred to as vesicle (v-) 
SNARE and syntaxin 1a and SNAP-25 are categorized as target (t-) SNAREs. Both VAMP2 
and syntaxin 1a are tail-anchored membrane proteins with the transmembrane domain 
residing at the extreme C-terminal end. SNAP-25 is a soluble protein peripherally attached to 
the synaptic plasma membrane via post translational palmitoylation of the four cysteine 
residues in the central region (4, 13, 14). 
What is common among SNAREs is the highly conserved heptad repeat called the 
SNARE motif. The SNARE motif is a stretch of ~60 amino acid residues located close to 
membrane which favor to form alpha helices. VAMP2 and syntaxin 1a each harbor one 
SNARE motif and there are two SNARE motifs in SNAP-25 separated by the central linker 
region (Figure 1A). While studies have shown that the SNARE motifs are unstructured in its 
monomeric state, when brought into contact, they spontaneously form a highly stable ternary 
SNARE complex (15-18). Thus, it is believed that the energy from the formation of the 
SNARE complex may be able to drive membrane fusion. 
3 
 
1.3 SNARE complex 
It has been shown that the soluble SNARE motifs form a parallel four helical coiled-
coil bundle (15, 16). This highly stable complex is resistant to SDS denaturation, protease 
digestion and clostridal neurotoxin cleavage and it is heat stable up to ~90° C (19, 20). The 
stability of the complex is mediated by 16 stacked layers (N- and C-terminal ends are 
numbered -7 and 8, respectively) of interacting side chains in the center of the four helix 
bundle (16).  
The a and d positions of the heptad repeat in the four helical bundle are occupied by 
hydrophobic amino acids. These amino acids are positioned such that they are concealed 
from the cytosol. What is interesting is the highly conserved 0 layer which is unique because 
it is comprised of one Arginine residue and three Glutamine residues (Figure 1B) (16). The 
formation of the SNARE complex is believed to start at the N-terminus and zipper toward the 
C-terminus of the SNARE motif. This zippering mechanism is thought to bring the two 
opposing membranes and furthermore drive membrane fusion (13). If in fact the energy from 
the formation of the SNARE complex drives membrane fusion, it is likely that the ternary 
SNARE complex could actually be a post-fusion result.  
Then one might ask, how are the SNAREs oriented prior to and during fusion? It is 
well documented that syntaxin 1a and SNAP-25 form a heterodimer on the plasma 
membrane (21, 22), the binary t-SNARE complex, which serves as a receptor for VAMP2 on 
the synaptic vesicle. The binary t-SNARE complex can be thought of as the precursor of the 
post-fusion cis-SNARE complex. However, the binary t-SNARE complex has been 
structurally quite elusive, perhaps due to its dynamic nature (23). This poses a problem in 
investigating the regulatory role of accessory proteins in SNARE-mediated membrane fusion 
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because the accessory proteins most likely interact with the binary t-SNARE complex or the 
trans-SNARE complex. 
 
1.4 Accessory Proteins 
Accessory proteins have also been studied extensively to understand how synaptic 
membrane fusion is so precisely regulated. In vivo as well as in vitro studies suggest that 
SNAREs do not possess Ca2+ sensitivity, furthermore the speed required for fast cognitive 
activity was not observed with in vitro fusion assays that only incorporated SNAREs.  
1.4.1 Synaptotagmin 1 (Syt1) 
Syt1 is a membrane protein that resides on the synaptic vesicle. The transmembrane 
domain, located near the N-terminal, spans the synaptic vesicle membrane once (Figure 
2A)(11). The cytoplasmic domain consists of a linker region and two C2 domains, in order 
towards the C-terminal C2A and C2B (6, 24, 25). The C2 domains can bind 5 Ca2+ ions in 
total, three by C2A and two by C2B (Figure 2B) (11). Studies have shown that the affinity 
for Ca2+ is different for each binding site within C2A and C2B with Kd values of ~60 µM, 
400 µM and >1 mM and 300 - 600 µM, respectively (10). Due to the location of Syt1 and 
its ability to bind Ca2+, Syt1 has been extensively studied for its possible role in Ca2+ synaptic 
membrane fusion.  
It has been established that Syt1 interacts with negatively charged lipids in a Ca2+ 
dependent manner (26). Furthermore Syt1 also binds to individual t-SNAREs as well as the 
binary t-SNARE complex, which supports the notion that Syt1 functions as a potential Ca2+ 
sensor. In vivo loss of function gain of function studies have revealed that Syt1 indeed is 
required for all fast synchronous synaptic fusion in murine neurons (24). However, the 
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neuronal exocytosis complex system which requires not only in the forward process: synaptic 
vesicle preparation, docking, priming, membrane fusion and pore formation, but also 
involves recycling of the fusion machinery. Thus, the results from the knockout mouse model 
might be insufficient to ascertain the direct involvement of Syt1 in the fast synchronous 
fusion. Perhaps, much like the mechanism of RIMs (27), Syt1 could merely place the 
synaptic vesicles in proximity of voltage-gated calcium channels.  
In a classical study by Sudhof and coworkers, point mutations were introduced into 
the Syt1 mouse gene in order to elucidate whether calcium binding to Syt1 directly triggers 
release. The results revealed that, while the readily releasable pool was unaffected (28), the 
mutation decreased calcium-binding affinity and the calcium sensitivity of neurotransmitter 
release. These results markedly substantiate that Syt1 is the calcium sensor for release (24).  
To test the role of Syt1 in a well-controlled environment, recent in vitro reconstitution 
studies have been extensively conducted. These investigations not only confirm but also go 
further in delineating the precise molecular mechanisms by which Syt1 assists Ca2+ triggered 
SNARE-mediated fusion. In hopes to identify and characterize SNARE and Syt1 
functionality in a well-defined environment, further efforts to reenact the membrane fusion 
process using SNAREs and Syt1 reconstituted proteoliposomes have been conducted (29-
31). Despite vigorous attempts, the in vitro vesicle-vesicle fusion assays have fallen short in 
three important categories: fusion yield, Ca2+ sensitivity and fusion speed. These 
shortcomings raise concerns whether SNAREs and Syt1 are insufficient for fast synchronous 
fusion requiring other accessory proteins or if the in vitro model membranes have different 
properties.  
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1.4.2 Complexin (Cpx) 
In search for other key players that facilitate Ca2+ triggered fusion, Cpxs have 
emerged as a major factor. Not only do the Cpxs, which are a family of small soluble 
proteins (7, 32), bind to the SNARE complex but have also shown to rescue some evoked 
release (Ca2+ triggered) in Syt1 knock out mouse models (33). Extensive genetic studies have 
been conducted to elicit Cpx function, however more confusion has emerged due to the 
contradicting results from mice and drosophila. While it is agreed upon that Cpx facilitates 
evoked release in both models (33-38), the results for spontaneous release are quite 
contradictory. Cpx knock out in mammalian neurons diminished spontaneous release while it 
was increased in flies suggesting different mechanisms (9, 34, 36, 37, 39-41). 
The “clamping model”, which emerges from the drosophila studies, stipulates that 
Cpx arrests spontaneous fusion in such a way that the primed pool of synaptic vesicles are 
synchronously fused upon Ca2+ influx (39, 42). On the other hand, the “priming model”, 
which gives base to mice models, suggest that Cpx stabilizes the SNARE complex formation 
such that both spontaneous and evoked release is facilitated (33, 34, 43). Thus, the 
controversy lies in whether Cpx inhibits spontaneous fusion such that evoked fusion is 
synchronized or if it facilitates fusion in general.  
Much of the ambiguity has been somewhat pacified with studies focused on 
elucidating the functions of Cpx’s four distinct domains: N-terminal, accessory helix, central 
helix and C-terminal domain (Figure 3A). The central helix which tightly binds to the groove 
between VAMP2 and syntaxin is vital for Cpx function (Figure 3B) (44). Mutations and 
deletions in the central helix causes Cpx to lose all its function in both drosophila and mice. 
This in turn suggests that Cpx affects membrane fusion by direct interaction with SNAREs. 
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However, mere SNARE complex binding is insufficient for Cpx function (45). Adjacent to 
the central helix towards the N-terminal lies the accessory helix and subsequently the N-
terminal domain. Studies show that while the accessory helix domain is purely inhibitory (45, 
46), decreasing both spontaneous and evoked release in drosophila and mice models, the N-
terminal domain is where controversy stems (Figure 3). The N-terminal domain increases 
both spontaneous and evoked release in mouse models (45) whereas it has insubstantial 
effects in drosophila and worms (37, 46). The C-terminal domain is the least to be 
characterized, however, studies propose that hydrophobic residues interact with membrane 
guiding Cpx to the SNAREs and membrane region (47). 
The majority of investigations leading up to the characterization of Cpx have been 
conducted in vivo. However, the in vivo environment does not exclude the indirect effects 
caused by or upon Cpx in the overall observation whether it be changes in locomotion or 
electrophysiological profiles. With the progress of in vitro reconstitution fusion assays, the 
specific role of Cpx in the SNARE-mediated membrane fusion is being elucidated (30, 42).   
 
1.5 In vitro Assays 
1.5.1 Single vesicle lipid mixing 
One of the breakthroughs in the field of SNARE-mediated membrane fusion is the 
successful reconstitution SNAREs into vesicles. By reconstituting VAMP2 into a set of 
liposomes (v-vesicles) and syntaxin and SNAP-25 into a separate set of vesicles (t-vesicles), 
Rothmans group was able to experimentally prove that SNAREs are the minimal fusion 
machinery (4). The bulk in vitro lipid mixing assay detected fusion by loading the v- and t-
vesicles with FRET pair lipid dyes. When two lipids fuse, the mixing of the two lipid 
8 
 
membranes induced FRET. This became a well-controlled platform to study the effects of not 
only SNAREs but also accessory proteins on membrane fusion. However, due to the bulk 
nature of the in vitro bulk lipid mixing assay did not offer the resolution to monitor the 
docking, lipid mixing, hemifusion, and fusion pore steps.  
The ability to further investigate the individual steps of membrane fusion is 
paramount when understanding the true regulatory roles of the accessory proteins. By 
immobilizing the t-vesicles on a PEGylated surface and utilizing TIRF microscopy, Yoon 
and coworkers were able to monitor single vesicle to vesicle docking, hemi-fusion and full 
lipid mixing events (48). The in vitro single vesicle lipid mixing assay provided valuable 
information on the speed of SNARE mediated membrane fusion and Ca2+ sensitivity of Syt1 
(Figure 4A) (31). However, caution must be taken because the observation of lipid mixing is 
not sufficient to postulate fusion pore formation.  
This shortcoming was overcome by utilizing SRB content fluorescent dye and its 
quenching characteristics at high concentrations. The experimental setup is almost identical 
with the aforementioned in vitro single vesicle-vesicle fusion assay, but instead of lipid dyes 
the v-vesicles are encapsulated with SRB content dye at a quenched concentration. When 
fusion occurs between the two vesicles, the concentration is immediately dropped eliciting a 
stepwise increase in fluorescent intensity (Figure 4B) (29, 30, 42, 49, 50).  
Taken together, the single vesicle assays have provided great insight into molecular 
mechanisms by which SNAREs and its accessory proteins regulate synaptic vesicle fusion, 
especially regarding Ca2+-triggered vesicle fusion. Notably, while substantial lipid mixing 
was observed even in the absence of Ca2+, content mixing was only observed when triggered 
with Ca2+. This suggests that Syt1 and Ca2+ greatly accelerates the kinetics of fusion pore 
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opening (30, 31). Also, it was found that Syt1 has two binding capabilities, one to negatively 
charged PIP2 and t-SNAREs in presence and absence of Ca2+, respectively (26). 
Furthermore, Syt1 without Ca2+-binding or the membrane-binding are not capable of driving 
fusion pore opening while mutants that lack SNARE-binding fail to do so. Thus, the data 
suggest that the SNARE-Syt1 interactions may not be that essential for fusion pore opening 
(51).  
The tandem single vesicle-vesicle lipid- and content-mixing assays are not without 
shortcomings when recapitulating in vivo synaptic membrane fusion. The three hallmarks of 
evoked synaptic vesicle fusion are speed, synchronicity and efficiency. In the neuron, evoked 
vesicle fusion is triggered by as low as 10µM Ca2+ with the ∼80% yield within ~1 ms of 
Ca2+ influx (3). However, in vitro single vesicle-vesicle fusion assays require non-
physiologically high Ca2+ level (∼500µM) to even exhibit a mere ∼15% fusion efficiency at 
time scale three orders slower than what is observed in vivo. Furthermore the fusion events 
themselves were not synchronized to the in vivo time scale even under such high Ca2+ 
conditions. This could be due to the topology of the experimental setup where the t-vesicles 
may not well represent the planar plasma membrane causing a higher fusion energy barrier. 
 
1.5.2 Single vesicle-planar bilayer fusion assay 
In an attempt to better mimic the synaptic membrane system in the in vitro fusion 
assay, planar supported lipid bilayers (SBL) reconstituted with t-SNAREs have been 
proposed. The SBL is constructed on the slide then the v-vesicles, loaded with fluorescent 
lipid dye, were introduced into the chamber. This platform is advantageous compared to the 
vesicle-to-vesicle platform because not only are the Ca2+ fusion events but also vesicle 
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docking and spontaneous fusion can both be monitored in real-time. The docking events can 
be observed by counting the immobilized spots and subsequent fusion appears as a circular 
2D diffusion of fluorescent dye on the SBL (Figure 4C) (52-54).  
With this platform it was demonstrated that SNAREs alone may have the capability 
to drive fast membrane fusion. However, these studies had some very critical caveats: the 
requirement of SNAP-25 was not met (53) and, fast membrane fusion was only observed 
with small VpS which is a known competitive inhibitor (52). Moreover, a significant fusion 
enhancement was observed with Ca2+ even in the absence of Syt1, adding further confusion 
to the issue (54). Thus the observed fusion failed to represent SNARE-mediated fusion.  
Recently, by adding PEG lipids to lift the bilayer from the quartz surface, Karatekin 
and coworkers have demonstrated sub 100 msec SNARE-mediated fusion in the SBL 
platform that satisfy the necessary control conditions (55). While, the vesicle-to-SBL fusion 
assay has made great strides in demonstrating speed, this assay has not been robust enough to 
be used as a platform to study regulatory roles of the accessory proteins.  
 
1.6 Perspectives 
While in vivo experiments present the most physiologically relevant environment to 
investigate SNARE-mediated membrane fusion, it is difficult to dissect the precise molecular 
mechanisms of the individual protein machinery due to its complexity. On the other hand, in 
vitro setups that do not encompass the full set of working components may lead to more 
confusion than identifications. Thus, the bottom up approach of identifying roles and 
mechanisms must proceed with much caution such that the observations do not stray too far 
away from the in vivo observations. 
11 
 
As previously mentioned, the in vitro single vesicle-to-vesicle fusion assays have 
failed to recapitulate the high speed, Ca2+ sensitivity and efficiency observed in vivo. In this 
study, we take two very different approaches to investigate these shortcomings. Because, 
Cpx has been identified to facilitate Ca2+-triggered membrane fusion in both mammalian and 
fly models, it is possible that SNARE-mediated membrane fusion must be accompanied by 
Cpx in order to elicit precise and efficient fusion. On the other hand, it is also possible that 
the vesicle-to-vesicle topology inherently has a higher energy barrier for fusion compared to 
vesicle to planar membrane topology found in vivo. Thus, SNAREs and Syt1 could have the 
ability recapitulate the in vivo characteristics but failed to because of the membrane 
topology. 
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1.8 Figures and legends 
 
 
Figure 1. SNAREs and the ternary SNARE complex. (A) SNAREs. The 
transmembrane domains located at the C-terminal end are shown in yellow. The SNARE 
motifs for syntaxin 1A, SNAP-25 and VAMP2 are shown in red, green and blue, 
respectively. For syntaxin 1A the Habc domain is shown in white. For SNAP-25, the four 
cysteines which are palmitoylated for membrane anchoring are shown with wiggly lines (56). 
(B) The ternary SNARE complex. The SNARE motifs of SNAP-25, VAMP2 and syntaxin 
1A are shown within the SNARE complex (top). A ball and stick model of the SNARE 
complex. The layers are shown with from left to right, C-terminal end (+8) and N-terminal 
end (-7) (bottom) (16).    
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Figure 2. Synaptotagmin. (A) A model of the SNAREs and Syt1 located on their respective 
membranes prior to fusion. The transmembrane domain of Syt1 is shown as yellow, with 
followed by C2A and B domain at the membrane distal region. (B) A model and structure are 
shown for C2A and B are shown left and right, respectively. The solution structures of C2A 
and B are shown on the bottom. The ligands are shown in blue and the C2A domain binds 3 
Ca2+ ions while C2B is able to bind 2 (11).    
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Figure 3. Complexin. (A) The 4 distinct domains of Cpx 1. In order from left to right, the N-
terminal domain, accessory helix domain, central helix domain and the C-terminal domain. 
Amino acid residue numbers are also shown. (B) The Structure of Cpx bound to the ternary 
SNARE complex (21).  
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Figure 4. Schematics of single vesicle fusion assays. (A) The in vitro single vesicle lipid-
mixing assay. After the t-vesicles, reconstituted with t-SNAREs and loaded with DiD lipid 
dye, are immobilized on the imaging surface the v-vesicles, reconstituted with v-SNARE and 
loaded with DiI lipid dye, are introduced to allow SNARE-mediated docking. After 20 min 
incubation period, the FRET efficiency between the docked pairs are measured in order to 
assess the degree of fusion. (B) The in vitro single vesicle content mixing assay. Identical to 
the lipid-mixing assay with exception of the fluorescent dye. Instead of lipid dye, the content 
mixing assay utilizes dequenching of content dye. And the signals are monitored while 
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injection of Ca2+ in order to assess Ca2+-triggered fusion. (B) The in vitro single vesicle-to-
SBL fusion assay. The SBL is prepared on the imaging surface and reconstituted with t-
SNAREs. DiI loaded v-vesicles are introduced into the flow chamber while real-time video 
recording. Docking, spontaneous fusion and Ca2+-triggered fusion are all accessible with this 
assay. 
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CHAPTER 2 
PRE-INCUBATION OF CPX WITH T-SNARES  
INCREASES CONTENT MIXING EFFICIENCY 
 
2.1 Abstract 
Complexin (Cpx) is a major regulator for Ca2+-triggered fast neuroexocytosis which 
underlies neuronal communication. Many psychiatric and neurological disorders accompany 
changes in the Cpx expression level, suggesting that abnormal Cpx levels may elicit aberrant 
cognitive symptoms. To comprehend how the changes in the Cpx level might affect neuronal 
communication, we investigated Ca2+-triggered exocytosis at various Cpx concentrations. 
Ca2+-triggered content-mixing between a single proteoliposome of t-SNARE and another 
single proteoliposome of v-SNARE plus Ca2+-sensor synaptotagmin 1 was examined with 
total internal reflection (TIR) microscopy. We find that Cpx enhances Ca2+-triggered vesicle 
fusion with the yield changing from approximately 10% to 70% upon increasing Cpx from 0 
to 100 nM. Unexpectedly, however, the fusion efficiency becomes reduced when Cpx is 
increased further, dropping to 20% in the µM range, revealing a bell-shaped dose-response 
curve. Intriguingly, we find that the rate of vesicle fusion is nearly invariant through entire 
range of Cpx concentrations studied, suggesting that a reevaluation of the current Cpx 
clamping mechanism is necessary. Thus, our results provide insights into how delicately Cpx 
fine-tunes neuronal communication.  
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2.2 Introduction 
Complexins (Cpx) are a family of small proteins that are specifically localized at the 
pre-synapse to regulate neurotransmitter release (1, 2). Cpx is thought to modulate both 
spontaneous and evoked release in the neuron. There is strong evidence that the deletion of 
Cpx reduces evoked exocytosis significantly (3-8) although controversy surrounds the 
proposition that Cpx suppresses spontaneous release (4, 6, 7, 9-12).  
The effect of Cpx on neuroexocytosis is of great interest because changes in Cpx could elicit 
the disruption of the exocytosis patterns, which could affect behavioral and cognitive 
activities. While the causal role is yet to be elucidated, indeed apparent changes in Cpx levels 
have been observed in schizophrenia as well as in neurodegenerative diseases such as 
Parkinson’s and Alzheimer’s (13). 
It is generally believed that synaptic vesicle fusion, required for the neurotransmitter 
release, is mediated by soluble N-ethylmaleimide-sensitive factor attachment protein 
receptors (SNAREs) (14). Additionally, a major Ca2+ sensor synaptotagmin 1 (Syt1) (15, 16) 
and the SNARE binding Cpx are considered to be two principal regulatory components that 
orchestrate fast Ca2+-triggered vesicle fusion (17-19). 
Towards our understanding of the roles that Cpx plays in neuroexocytosis, in vitro 
membrane fusion assays have made contributions (19, 20). In these assays, SNARE proteins 
and Syt1 are appropriately reconstituted into the two populations of liposomes and fusion 
between two respective proteoliposomes is monitored spectroscopically. Of particular 
interest is the single-vesicle content-mixing assay which is capable of dissecting docking, 
lipid mixing, and content-mixing steps along the fusion pathway (21, 22). The assay revealed 
that Cpx stimulates and synchronizes Ca2+-triggered vesicle fusion while inhibiting 
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spontaneous fusion (23, 24). Moreover, it was shown that Cpx accelerates the rate of vesicle 
docking (25).  
Although the results from single vesicle fusion assays have revealed important 
features of the Cpx function in exocytosis there are a few shortcomings. The assay requires 
high Ca2+ to produce appreciable yields of vesicle fusion (21), which is still not  comparable 
to the highly efficient evoked vesicle fusion in the neuron (26, 27). Moreover, it was shown 
that overexpression of Cpx reduces Ca2+-triggered exocytosis in cells (28, 29), which is not 
explainable with the qualitative data accumulated so far. This raises some concerns whether 
the single-vesicle content-mixing assay, in its current form, is sufficiently robust to faithfully 
recapitulate the essential features of Cpx function in the neuroexocytosis.  
In this work, we find that the pretreatment of t-SNARE with Cpx improves the efficiency of 
vesicle fusion dramatically and recovers the natural high Ca2+-sensitivity. Moreover, with 
this improved method, we discover that Cpx stimulates Ca2+-triggered exocytosis in a 
concentration-dependent manner below 100 nM. But the trend reverses its course above 200 
nM and shows the dose-dependent decrease in the higher concentration range, resulting in a 
bell-shaped response curve. Thus, our results describe how the change in the Cpx level might 
affect the neurotransmitter release quantitatively.  
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2.3 Results 
2.3.1 An improved single-vesicle content-mixing assay 
 Previously, the effect of Cpx on Ca2+-triggered exocytosis has been studied with the 
single-vesicle content-mixing assay, initially in our group (24) and later, extensively in 
Brunger’s group (23). Although the experiments have recapitulated some essential features of 
the Cpx function, there have been two apparent shortcomings. Firstly, the assay requires 
unusually high Ca2+; several hundreds of µM instead of biologically-relevant tens of µM. 
Secondly, the outcomes do not explain why the release decreases when Cpx is overexpressed 
in cells (28, 29).  
In the single-vesicle content-mixing assay based on total internal reflection (TIR) 
microscopy, the t-SNARE-carrying liposomes (t-vesicles) were tethered to the imaging 
surface followed by the docking of v-SNARE plus Syt1-carrying liposomes (v-vesicles) onto 
the t-vesicles (Fig. 1a). In all previous experiments, Cpx was premixed with v-vesicles and 
the mixture was flown into the flow cell while t-vesicles were not pretreated with Cpx. This 
time, however, realizing that Cpx might interact with t-SNAREs (30), we pretreated t-
vesicles with Cpx before injecting v-vesicles which were also premixed with Cpx. All 
subsequent washing of untethered excess vesicles were conducted in the presence of Cpx 
such that the Cpx concentration would remain constant throughout the experiment. The v-
vesicles were encapsulated with ∼20 mM sulforhodamine B (SRB) for the fluorescence 
detection of content-mixing (22). Subsequent Ca2+ injection into the flow chamber promotes 
vesicle-vesicle fusion that results in content-mixing. Content-mixing induces a step-like 
sudden rise of the fluorescence intensity (Fig. 1b) as a result of dequenching of the SRB 
fluorescence due to the fusion-induced dilution.  
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2.3.2 Bell-shaped response of Ca2+-triggered vesicle fusion to Cpx 
 In the absence of Cpx, a mere ~12% of the docked vesicles exhibited content-mixing 
when triggered by 500 µM Ca2+, which has been seen consistently in previous studies (23, 
24). This is apparently short of reproducing in vivo synaptic vesicle fusion in which almost 
all vesicles in the readily-releasable pool fuses with the plasma membrane when stimulated 
with only ∼10 µM Ca2+ (26, 27). However, when we introduced 100 nM Cpx into our 
system, we observed a significant increase in content-mixing population. Over two thirds of 
the docked vesicle pairs exhibited content-mixing at 500 µM Ca2+ (Fig. 2a). In a control 
experiment, Mg2+ was not capable of promoting content mixing at all, indicating that Ca2+ 
and the Ca2+-sensor Syt1 played roles in triggering the membrane fusion reaction. On the 
other hand, while we observed a slight decrease at 4 µM Cpx, there was no obvious change 
in vesicle docking probability 0-800 nM Cpx indicating that Cpx may be specifically 
involved in the fusion pore opening step (Fig. S1). 
Having such high content-mixing percentage in the presence of Cpx, we ask if 
physiologically relevant Ca2+ conditions (10 µM) could trigger appreciable content-mixing 
which had not been previously achieved (23, 24). As expected from previously reported 
results, content-mixing was hardly observable in the absence of Cpx at 10 µM Ca2+. 
However, in the presence of 100 nM Cpx, we observe ~45% content-mixing among docked 
vesicles (Fig. 2b). Our results show that not only does Cpx significantly increase the 
probability of vesicle fusion but also dramatically improves the Ca2+ sensitivity in our in 
vitro assay. Such an improvement was observed only when t-vesicles were pretreated with 
Cpx. 
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Previously, it was shown that Cpx alone, even in the absence of a major Ca2+-sensor Syt1, 
could trigger SNARE-mediated lipid mixing in response to Ca2+ (30). Similarly, we found that 
Cpx alone was able to trigger content mixing with Ca2+ (Fig.1a and b). However, membrane 
fusion with Cpx alone was less efficient and slower than it was when both Cpx and Syt1 
were present: Particularly, under physiological 10 µM Ca2+, the fusion efficiency and time 
scale was approximately 3 times less and 6 times slower, respectively.   
As we increase the Cpx concentration from 0 up to 100 nM, we are able to observe a steep 
enhancement of Ca2+-triggered content-mixing. Specifically, with 10 µM Ca2+, the yield of 
content-mixing increased from ~1% to ~45% as we increased the Cpx concentration from 0 
to 100 nM.  
Surprisingly, however, as we further increase the Cpx concentration above 200 nM the 
stimulating effect gradually diminishes in a concentration dependent manner. At 200, 400, 
800 and 4000 nM Cpx, we observed approximately 44%, 20%, 8% and 1% content-mixing, 
respectively. Thus, our results demonstrate that Cpx elicits a bell-shaped response on Ca2+-
triggered vesicle fusion, an ascending trend under low concentrations (below 100 nM) but 
descending trend under high concentrations (above 200 nM). We also observed a similar 
bell-shaped curve for 500 µM Ca2+ with slight increase in yields over the entire Cpx 
concentrations. The overall slight lift of the response curve for 500 µM Ca2+ compared to 10 
µM Ca2+ was sort of expected and in fact is quite consistent with the in vivo observation that 
the fusion efficiency is effectively saturated with only a small increase above 10 µM Ca2+ 
(26). 
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2.3.3 Cpx contributes little to the synchronization of Ca2+-triggered vesicle fusion 
 In neurons, when Cpx was deleted by knockout the amplitude of excitatory 
postsynaptic potential (EPSC) decreases significantly but the time scale of EPSC changes 
little in cultured mammalian neurons (3, 4, 31). In the previous experiments by Brunger and 
coworkers, approximately a factor of 2-4 enhancement in the time scale of synchronization 
was observed for Cpx (23). This appears to be inconsistent with the observations in 
mammalian neurons.  
Here, we revisit the time scale changes with Cpx using the newly improved assay 
(Fig. 3a). When the time scales of synchronization are examined as a function of Cpx we 
observed little variation over the entire range of Cpx concentrations studied (Fig. 3b and c). 
The results suggest that Cpx is not involved in the synchronization of Ca2+-triggered vesicle 
fusion. While there is still controversy, our results are more in favor of the proposition that 
Cpx may not be involved in clamping and synchronization of vesicle fusion in mammalian 
neurons (3, 4, 31). However, we do note that an approximate 2 fold increase in 
synchronization was observed with 500 µM when compared to 10 µM Ca2+. 
 
2.3.4 The N-terminal of Cpx is essential for the enhancement of the fusion probability 
 It was previously reported that the first 26 residues of Cpx facilitate the enhancement 
of fusion probability in mouse neurons. Moreover, the efficacy of Cpx was completely lost 
when Met5 and Lys6, which are considered to contribute in forming the N-terminal alpha 
helix, was mutated to glutamate (31, 32). 
We prepared two Cpx mutants, Cpx 27 in which N-terminal 26 amino acids were deleted and 
a double point mutant Cpx M5E/K6E, in order to verify the role of the N-terminal region 
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with our newly improved single vesicle fusion assay (Fig. 4). The content-mixing assay was 
performed identically except for using the mutants instead of the wild-type at each step. In 
coherence with the in vivo results, Cpx 27 and Cpx M5E/K6E failed to promote vesicle 
fusion recapitulating the critical role of the N-terminal region of Cpx in stimulating Ca2+-
triggered exocytosis. 
As a control, we tested if membrane fusion was SNARE-dependent using soluble VAMP2 
lacking the transmembrane domain (VpS, amino acids 1-94). VpS has been frequently used 
to verify the SNARE-dependency of the fusion reaction. We incubated VpS (20 µM) along 
with the v-vesicles and Cpx wild-type (Fig. 4). In the presence of VpS, content-mixing was 
hardly observed, confirming that the fusion reaction was indeed SNARE-dependent. 
 
2.4 Discussion 
Although the role of Cpx in synaptic membrane fusion has been highly controversial, it is 
generally agreed that Cpx stimulates evoked exocytosis (12). The results from our improved 
single-vesicle content-mixing assay are fully consistent with this notion.  
What is new and interesting though is that the stimulatory effect of Cpx reverses its course 
after cresting at ~150 nM, thus showing a bell-shaped dose response curve. Previously, it has 
been somewhat mysterious why overexpression of Cpx in cells results in reduced evoked 
exocytosis despite its established positive role (28, 29). Our results demonstrate, in a well-
defined environment, that there is indeed a dose-dependent decrease of Ca2+-triggered vesicle 
fusion at high concentrations above 200 nM. Thus, if overexpression changed the Cpx level 
in the regime of 200 nM-a few µM one would observe the reduction of evoked exocytosis. 
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Thus, the bell-shaped dose response for Cpx reconciles seemingly paradoxical results that 
both knockout and overexpression studies show the reduction of evoked exocytosis. 
Our improved single-vesicle content-mixing assay made it possible to obtain the dose 
response curve for Cpx in Ca2+-triggered vesicle fusion. The dramatic improvement of the 
fusion efficiency over the previous work is apparent in our results. The Ca2+-sensitivity was 
increased to the natural level and thus, the assay can now operate at physiological-relevant 10 
µM Ca2+. We point out that the only tweak, compared to the previous studies, was the 
pretreatment of t-vesicles with Cpx prior to vesicle docking. Why would the pretreatment of 
t-SNARE with Cpx affect so much on fusion outcomes? There might be two possible 
scenarios. Scenario one is that when Cpx is delivered during or after docking the SNARE 
complex is not freely accessible by Cpx any more due to the steric crowding at the fusion 
site. This would in turn reduce the effectiveness of Cpx in regulating the SNARE function. 
Scenario two is that Cpx may have the capacity to prime t-SNAREs by a yet unknown 
mechanism. For instance, it is possible that Cpx might play a role in converting the inactive 
2:1 complex to the active 1:1 complex (33). However, these postulations are purely 
speculative, warranting further experiments. 
Intriguingly, we observe little change in the synchronization kinetics of vesicle fusion over 
the entire Cpx concentration rage of 0-4 µM. Our results are quite consistent with those from 
the whole cell patch clamp conducted with cultured mammalian neurons (3, 4, 31). The 
results suggest that Cpx may not be involved in the clamping and synchronization of 
exocytosis. However, the caveat of our experiments is that the time scale is still three orders 
of magnitude slower than what is normally observed in vivo. Thus, it is possible that our 
assay does not faithfully reproduce the synchronization kinetics of vesicle fusion. We note 
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that some slower kinetics was observed in the absence of Cpx in Drosophila (34) suggesting 
the variation of the Cpx function among different organisms. 
Our results show that Cpx alone, in the absence of Ca2+-sensor Syt1, can trigger SNARE-
mediated content mixing in response to Ca2+. Intriguingly, Cpx does not have an apparent 
Ca2+-sensing module or domain. However, it was previously shown that Cpx binds the 
membrane in the presence of Ca2+ (35). We wonder if this Ca2+-mediated Cpx binding to the 
membrane is relevant to the Ca2+-sensing capacity in our in vitro membrane fusion assay. We 
note however that the biological relevance of the Ca2+-sensing activity of Cpx has not been 
established, warranting further investigation.  
In conclusion, we have vastly improved the single-vesicle fusion assay and show that 
Cpx modulates evoked exocytosis with an unusual bell-shaped response curve. This 
quantitative description, which is not easily obtainable with knockout or overexpression 
studies in cellular environments, not only helps to understand the Cpx function in 
neuroexocytosis but also to understand the relationship between changes in Cpx and mental 
diseases associated with aberrant neurotransmitter release. 
 
2.5 Materials and Methods 
Plasmid Construct and Site-Directed Mutagenesis  
DNA sequences encoding rat Syntaxin 1A (amino acids 1–288 with three native 
cysteines replaced by alanines), VAMP2 (amino acids 1–116 with C103 replaced by 
alanines), soluble VAMP2 (VpS, amino acids 1-94), SNAP-25 (amino acids 1–206 with four 
native cysteines replaced by alanines), rat complexin I (Cpx, amino acids 1–134),  truncation 
mutant Cpx 27 ( amino acids 27-134) and double mutant Cpx M5E/K6E were inserted into 
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the pGEX-KG vector as N-terminal GST fusion proteins. Rat synaptotagmin 1 (Syt1, amino 
acids 50-421 with four native cysteines C74, C75, C77 and C79 replaced by alanines and 
another C82 replaced by serine) was inserted into pET-28b vector as C-terminal His-tagged 
proteins. DNA sequences were confirmed by the Iowa State University DNA Sequencing 
Facility. 
 
Protein Expression and Purification 
VAMP2, SNAP-25, syntaxin 1a, VpS, Cpx and Cpx mutants were expressed as GST 
fusion proteins. E. coli BL21 Rosetta (DE3) pLysS (Novagen) was used to express the 
recombinant GST fusion proteins. The cells were grown in LB medium at 37 °C with 
ampicillin (100 μg/mL) until the ~0.6-0.8 absorbance at 600 nm. Isopropyl β-D-1-
thiogalactopyranoside (0.3 mM final concentration) was then added to induce protein 
expression. The cells were grown for another 12 h at 16 °C. The cell pellets were then 
harvested via centrifugation at 6,000 × g for 10 min. The pellets were resuspended in PBS at 
pH 7.4 containing 2 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 2 mM EDTA, 
and 2 mM dithiothreitol. Transmembrane proteins required 0.5% Triton X-100, 0.05% 
Tween 20, and 10% N-lauroylsarcosine additionally in the buffer. Cells were broken up via 
sonication immersed in an ice bath. The supernatant was collected by centrifugation at 
15,000 × g for 20 min. The glutathione-agarose beads in buffer were added and nutated at 4 
°C for 2 h. The unbound proteins were then washed out and the GST fusion proteins were 
cleaved off from the beads by thrombin (Sigma-Aldrich) at room temperature for 2 h. 
Thrombin cleavage buffer for membrane proteins contained 50 mM Tris-HCl, 150 mM NaCl, 
and, pH 8.0 and 1% n-octyl glucoside.  
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Syt1 (amino acids 51–421) was expressed with the C-terminal 6-Histidine-tag in E. coli 
BL21 Rosetta (DE3) pLysS and puriﬁed with the aforementioned protocol except for using 
Ni-NTA beads (Qiagen). Elution was carried out with buffer of 25 mM HEPES, 400 mM 
KCl, 500 mM imidazole and 0.8% OG. Purified proteins were examined with 15% SDS-
PAGE and the purity was at least 90% for all of the proteins. 
 
Proteoliposome Reconstitution 
We used the following lipid molecules to make proteoliposomes: 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS), 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine 
(POPC), phosphatidylinositol-4,5-bisphosphate (PIP2, from porcine brain) and cholesterol. 
All lipids were obtained from Avanti Polar Lipids. In reconstituting the SNAREs into 
liposomes, molar ratios of lipids were 15:63:20:2:0.1 (DOPS: POPC: Cholesterol: PIP2: 
Biotin-DPPE) for the t-vesicles, and 5:75:20 (DOPS: POPC: Cholesterol) for the v-vesicles, 
respectively. The lipids were mixed in the chloroform soluble state and dried in a glass tube 
with nitrogen gas and stored overnight in a desiccator under house vacuum. The t-vesicle 
lipid film was resuspended with HEPES buffer (25mM HEPES, 100 mM KCl, pH 7.4) 
whereas v-vesicle lipid film was resuspended with HEPES buffer containing 20 mM SRB 
(Invitrogen). After 10 times freeze-thaw cycles between hot water and liquid nitrogen, large 
unilamellar vesicles (~100 nm in diameter) were prepared by extrusion through the 
polycarbonate filter (Avanti Polar lipids). The t-SNAREs were mixed with liposomes (10 
mM in total lipid concentration) while VAMP2 and Syt1 were reconstituted with SRB (20 
mM)-containing liposomes for ~15 min. We used a 200:1 lipid/protein molar ratio for all 
reconstitution. The liposome/protein mixture was diluted 2 times with the HEPES buffer and 
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then dialyzed in 2 L dialysis buffer at 4 °C overnight. For the v-vesicles, free SRB was 
removed using the PD-10 desalting column (GE healthcare) after dialysis. 
 
Single Vesicle Content-mixing Assay and Docking assay 
The imaging quartz surface (25 x 75 x 1.0 mm) was PEGylated with the PEG and 
PEG-biotin mixture with the 40:1 molar ratio (Laysan Bio). The imaging surface was divided 
to form 10 independent flow chambers. The flow chambers were incubated with streptavidin 
(0.2 mg/mL, Sigma-Aldrich) for 10 min followed by thorough washing. A mixture 
containing 125 μM t-vesicles with 100 nM Cpx in HEPES buffer was introduced into the 
flow chamber and the t-vesicles were allowed to be immobilized on the PEG-coated surface 
while maintaining 100 nM Cpx concentration. After 15 min incubation, unbound t-vesicles 
were washed using HEPES buffer containing 100 μM Cpx. A mixture of 100 nM Cpx and v-
vesicles (20 mM SRB) in HEPES buffer was injected and the sample was incubated in the 
flow chamber for 10 min to allow vesicle-vesicle docking. The unbound v-vesicles were 
washed out using HEPES buffer containing 100 nM Cpx. The channels were then imaged 
and Ca2+ was injected (1.2 mL/ 1 min) into the flow chamber while recording via TIR 
microscope. A stepwise jump in the fluorescence intensity was detected as an indication of 
content-mixing, which was the result of the SRB dequenching. The details of TIR 
microscope imaging and single molecule data analysis have been reported in our previous 
work (30). The time when the stepwise increase was observed was recorded manually and 
plotted onto a histogram with the bin size of 1 sec. The histogram was then fitted with a 
single exponential decay in order to obtain the first-order time constant. 
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The single vesicle docking experiment was performed identical to the content-mixing 
assay prior to Ca2+ injection. Once the v-vesicles, with VAMP2 and Syt1, and t-vesicles were 
incubated and washed with buffer containing the appropriate Cpx concentration, we took 
multiple images and the immobilized spots were counted and plotted on a histogram. To 
ensure quality control, the full range of Cpx concentrations was performed on a single PEG 
slide, with multiple replicates. 
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2.7 Figures and Legends 
 
 
 
Figure 1) In vitro single-vesicle content-mixing assay with Cpx.  
(a) Schematics of the In vitro single-vesicle content-mixing assay with Cpx. The flow 
chamber maintains constant Cpx concentration throughout the experiment by pre-treating t-
vesicles with Cpx prior to immobilization to the imaging surface. After the t-vesicles are 
immobilized on the imaging surface, unbound t-vesicles are washed out with buffer 
containing the designated Cpx concentration. Subsequent docking and washing of unbound 
v-vesicles are also performed in the presence of Cpx. Once the v-vesicles and t-vesicles are 
docked in the presence of Cpx, we inject Ca2+ into the flow chamber to evoke content-mixing 
which is detected by a sudden step-wise increase of fluorescent intensity. (b) A representative 
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fluorescent intensity time trace is shown. The blue arrow indicates the time of Ca2+ injection 
and the red arrow depicts content-mixing. 
 
 
 
Figure 2) Bell-shaped response of Ca2+-triggered exocytosis in vitro to Cpx.  
(a) Cumulative fusion-probability triggered by 500 µM Ca2+ with Sty1 and 100 nM 
Cpx (black), 100 nM Cpx (blue) and Sty1 (red). Controls with 500 µM Mg2+ with just 100 
nM Cpx (magenta) and Syt1 and 100 nM Cpx (green). (b) Cumulative fusion-probability 
triggered with 10 µM Ca2+ or Mg2+. (c) Total content-mixing percentage among docked 
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vesicle pairs over 60 s period in the presence of 0, 50, 100, 200, 400, 800 and 4000 nM Cpx 
triggered by 500 (black line) and 10 µM Ca2+(red line) respectively. Error bars are standard 
deviations (S.D.) obtained from five independent data acquisitions with independently 
prepared samples. 
 
 
 
Figure 3) First order time-constant for content-mixing exhibits little change with 
various Cpx concentrations.  
(a) Representative plot of content-mixing events triggered by 500 µM Ca2+ versus 
time in the presence of 100 nM Cpx (blue bars). The data was fitted by the first order kinetics 
with the time constant of ~2.6 s (red line). (b) Histogram of the first order time constant for 
content-mixing with 0, 50, 200, 400, 800 and 4000 nM Cpx triggered by 10 µM Ca2+. The 
time constants for 0 and 4000 nM Cpx are not determined due to insufficient fusion events. 
(c) Histogram of the first order time constant for content-mixing with 0, 50, 200, 400, 800 
and 4000 nM Cpx triggered by 500 µM Ca2+. Error bars and standard deviations (S.D.) are 
obtained from three independent data acquisitions with independently prepared samples. 
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 Figure 4) The N-terminal region of Cpx is necessary for the enhancement of content-
mixing.  
Histogram of the content-mixing percentage among docked vesicle pairs triggered by 
10 µM Ca2+ in the presence of 100 nM Cpx wild-type, Cpx 27 and Cpx M5E/K6E. Content-
mixing with 100 nM Cpx and 20 µM VpS are also shown as a control. Error bars are 
standard deviations (S.D.) obtained from five independent data acquisitions with 
independently prepared samples. 
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CHAPTER 3 
BOTULINUM TOXINS A AND E INFLICT  
DYNAMIC DESTABILIZATION ON T-SNARE  
TO IMPAIR SNARE ASSEMBLY AND MEMBRANE FUSION  
 
Ryan Khounlo 1, Jaewook Kim 1, Linxiang Yin 1, and Yeon-Kyun Shin * 
1 eaually contributed to this work 
 
3.1 Abstract 
Botulinum toxins (BoNT) A and E block neurotransmitter release by specifically 
cleaving the C-terminal ends of SNAP-25, a plasma membrane SNARE protein. Here, we 
find that SNAP-25A and E, the cleavage products of BoNT A and E respectively, terminate 
membrane fusion via completely different mechanisms. Combined studies of single molecule 
FRET and single vesicle fusion assay reveal that SNAP-25E is incapable of supporting 
SNARE pairing and thus, vesicle docking. In contrast, SNAP-25A facilitates robust SNARE 
pairing and vesicle docking with somewhat reduced SNARE zippering, which leads to severe 
impairment of fusion pore opening. The EPR results show that the discrepancy between 
SNAP-25A and E might stem from the extent of the dynamic destabilization of the t-SNARE 
core at the N-terminal half which plays a pivotal role in nucleating SNARE complex 
formation. Thus, the results provide insights into the structure and dynamics-based 
mechanism whereby BoNT A and E impairs membrane fusion.  
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3.2 Introduction 
Synaptic communication involves neurotransmitter release from the neuron to the 
synaptic cleft. The release of neurotransmitters requires synaptic vesicle docking onto the 
target plasma membrane, formation of a fusion pore, and complete fusion of two membranes. 
It is widely believed that this membrane fusion process is mediated by soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNAREs). The SNARE 
proteins consist of VAMP2 on the synaptic vesicle (v-SNARE) and syntaxin 1A and SNAP-
25 on the target membrane (t-SNAREs). The cognate v- and t-SNAREs, when brought into 
proximity, form a highly stable ternary SNARE complex that is thought to drive fusion of 
two membranes (1-4).  
More specifically, the highly conserved SNARE motifs, one from syntaxin 1A, two 
from SNAP-25 and one from VAMP2, assemble into a parallel four helix bundle (5-8). It has 
been proposed that SNARE complex formation is a multi-step process whereby zippering 
starts from the membrane-distal N-terminal region and progresses towards the membrane-
proximal C-terminal region (9-12). However, the coupling mechanism between zippering 
steps and membrane remodeling steps has been elusive (13).  
Prior to their interaction with VAMP2, syntaxin 1A and SNAP-25 form a binary 1:1 
t-SNARE complex on the plasma membrane (3, 14, 15). It has been shown that VAMP2 has 
a significantly higher affinity to the t-SNARE complex compared to the individual t-
SNAREs (16). Moreover, only with the t-SNARE complex does VAMP2 assemble into the 
SNARE complex and elicit synaptic exocytosis. The importance of the t-SNARE complex 
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may be further emphasized with the fact that some botulinum toxins (BoNT) inhibit synaptic 
exocytosis by cleaving individual t-SNAREs enzymatically (17-20). 
BoNTs are a class of protein toxins with eight distinct serotypes produced from 
clostridia. Structurally, BoNT consists of three distinct domains that function to bind to the 
nerve terminals, translocate into the cytosol, and cleave SNAREs via the metalloprotease 
activity (21). While all BoNT serotypes induce flaccid paralysis, by inhibiting 
neurotransmitter release at the neuromuscular junction, individual isoforms target different 
SNAREs and cleave them at different positions (20, 22). 
Both BoNT A and E site-specifically cleave SNAP-25 at the C-terminal SNARE 
motif leaving 9 and 26 residue shortened versions SNAP-25A and SNAP-25E, respectively 
(20). This cleavage is sufficient to reduce or abolish membrane fusion. While BoNT E 
completely abolishes neurotransmitter release, BoNT A seems to have a milder effect 
considering some membrane fusion is rescued with elevated levels of Ca2+ (19, 23). This may 
imply that BoNT E and A impair membrane fusion at different steps. Thus, an understanding 
of the impact of the cleavage on the structure and the dynamics of the SNARE complexes 
could provide valuable insights into the mechanism by which SNAREs mediate membrane 
fusion.   
In this study, we examined the effect of SNAP-25 cleavage, by BoNT A and E, on the 
structure and dynamics of the t-SNARE complex with electron paramagnetic resonance 
(EPR) by Ryan Khounlo, on the zippering of the trans SNARE complex with single molecule 
fluorescent resonance energy transfer (smFRET) by Linxiang Yin, and on individual 
membrane fusion steps with the single vesicle fusion assay by Jaewook Kim. Our results 
show that the BoNT A and E, although otherwise identical except that BoNT E cuts 17 
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residues more from SNAP-25 than  BoNT A does, impairs membrane fusion through entirely 
different mechanisms. While SNAP-25E blocks SNARE complex formation and vesicle 
docking, SNAP-25A allows robust vesicle docking, but reduced SNARE zippering and 
significantly impaired membrane fusion. The EPR results show that such big differences 
might stem from the extent of the dynamic destabilization of the t-SNARE core at the N-
terminal half which plays a pivotal role in nucleating SNARE complex formation.  
 
3.3 Results 
3.3.1 Dynamic structure of the 1:1 binary t-SNARE complex of syntaxin 1A and SNAP-
25 
Although the structures of the ternary SNARE complex have been thoroughly 
investigated in both solution and membrane mimetics (5, 6, 12), the t-SNARE complex is 
less well defined. Considering that the t-SNARE complex serves as a precursor to the ternary 
SNARE complex, further insights into the structure could shed light on the mechanistic steps 
in the ternary SNARE complex formation.  
There are two forms of the t-SNARE complex: the non-productive 2:1 (syntaxin 1A: 
SNAP-25) complex and the productive, on-pathway 1:1 complex (13, 14, 24). The 2:1 t-
SNARE complex has been previously investigated with EPR (4, 24, 25). The structure is a 
parallel four-helix bundle, basically identical to the ternary SNARE complex, but with the 
second syntaxin 1A SNARE motif replacing VAMP2. In contrast, the structure of the 1:1 t-
SNARE complex has been elusive, most likely due to the dynamic nature of the structure.  
An and Almers have previously proposed, based on their smFRET experiments in 
live cells, that the N-terminal SNARE motif of SNAP-25 (SN) within the 1:1 t-SNARE 
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complex forms a robust helical complex with syntaxin 1A while the C-terminal SNARE 
motif of SNAP-25 (SC) is detached from the complex and freely diffuses in solution (26). To 
verify this model, Ryan Khounlo first examined the dynamics of SN in the 1:1 complex using 
site-directed spin labeling EPR. EPR was chosen because the lineshape is highly sensitive to 
the motion of the nitroxide spin label, which is a reflection of the local structural 
environment. In one case, Ryan Khounlo attached the nitroxide to an engineered single 
cysteine at position 42 at the N-terminal region of SN and in another case, a nitroxide was 
attached at position 74 at the C-terminal region of SN (Figure 1A). Prior to complex 
formation, EPR spectra from both spin labeled mutants showed narrow lineshapes, 
prototypical of a freely diffusing random coil. However, when SNAP-25 was complexed 
with syntaxin 1A in the 1:1 stoichiometry, Ryan Khounlo observed extensive line-broadening 
in both cases (Figure 1B). This suggests that SN underwent a conformational change from a 
random coil to a helical structure at both N-terminal and C-terminal regions upon formation 
of the t-SNARE complex.  
Ryan Khounlo still observed some narrow components in the EPR spectra, which 
represent signals from an unstructured polypeptide. The percentage of the narrow spectral 
components was quantitatively determined with the spectral subtraction method (Figure 1C) 
(27). Ryan Khounlo found that the narrow components were approximately 5-10% of the 
composite binary spectra (Figure 1D). These numbers are consistent with the previously 
reported dissociation equilibrium of the 1:1 binary t-SNARE complex, where Kd ~0.4 μM 
(28). One could argue that the narrow component may have been due to the predominant 
existence of the 2:1 complex in the 1:1 mixture. However, if this were the case, a larger 
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narrow component would also be observed due to the significant fraction of SNAP-25 
remaining as monomers. 
Ryan Khounlo then investigated the structure and the dynamics of SC in the 1:1 
complex using EPR. Ryan Khounlo generated five single cysteine mutants: G168C, T173C, 
N175C, N196C, and L203C of SC. These mutants were specifically selected to be around the 
central conserved residue Q174 (zero layer); two were positioned on the N-terminal half and 
three were positioned on the C-terminal half (Figure 1A). As monomers, all spin labeled 
SNAP-25 mutants displayed a narrow EPR spectra similar to what was observed with the 
SN, indicative of a freely diffusing polypeptide chain with little secondary or tertiary 
structure. However, when bound to syntaxin 1A all positions except 203C exhibited a 
composite two component spectra, one broad reflecting the structured species and another 
narrow reflecting the unstructured species (Figure 1E and F). Ryan Khounlo did not observe 
much spectral change with 203C, consistent with the previous finding that the C-terminal end 
is frayed for the 1:1 complex (9).  
Quantitative spectral subtraction analysis revealed that approximately 40% of SC was 
unstructured (Figure 1F), which was 4 times more than what was expected from the 
dissociation equilibrium between syntaxin 1A and SNAP-25. Taking into account the global 
association-dissociation equilibrium, we estimate that approximately 30% of SC remains 
unstructured when SNAP-25 is complexed with syntaxin 1A (Figure 1F). Thus, the results 
show that a significant fraction of SC (~30%) is unstructured while SN is complexed with 
syntaxin 1A. The results are partially consistent with the dynamic structure proposed by An 
and Almers in that SC has the tendency to dissociate from the complex (26). However, our 
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observations suggest that the majority of SC (~70%) is still bound to syntaxin 1A and SN and 
together they form a three helix bundle (Figure 1G).  
  
 
3.3.2 Cleavage of SC by botulinum toxins increases the dynamics of SC 
Having characterized the 1:1 t-SNARE complex with EPR, Ryan Khounlo 
investigated the impact of the proteolytic cleavage of SC by BoNT A and E. To this end, 
Ryan Khounlo prepared recombinant SNAP-25 mutants of reduced lengths, SNAP-25A (aa. 
1-197) and SNAP-25E (aa. 1-180). For SNAP-25A and SNAP-25E Ryan Khounlo attached 
nitroxide spin labels at the same positions as those of the wild-type described in the previous 
section (Figure 2A).  
For spin labeled positions 42 and 74 on SN, not much difference in the spectral line 
shape between wild-type SNAP-25 and the shortened mutants was observed. Further 
quantitative spectral subtraction analysis confirmed that the amounts of the narrow spectral 
components reflecting the global dissociation of the t-SNARE complex remained within ± 
5% (Figure 2B). This suggests that BoNT A or E-induced cleavage of SNAP-25 does not 
alter the stability of SN in the t-SNARE complex. 
However, when Ryan Khounlo examined the EPR spectra from SNAP-25E, the broad 
spectral components reflecting the structured conformation is reduced significantly. 
Quantitative spectral subtraction analysis showed that the bound fraction was decreased for 
SNAP-25E as much as ~55% for the spin labeled positions in SC (Figure 2D). Thus, our 
results show that the cleavage of 26 residues of SC causes the dynamic destabilization of the 
already dynamic t-SNARE complex.  
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In contrast, the dynamic destabilization that was brought about by the cleavage of SC 
by BoNT A appeared to be milder than what was observed with the cleavage by BoNT E. 
The effect is pronounced on positions 175 and 196, which are located in the C-terminal half 
of SC. In contrast, the change is not visible in the N-terminal half. Thus, the EPR analysis 
shows that while BoNT E affects the dynamics of the entire SC motif, the effect of BoNT A 
cleavage is confined within the C-terminal half of SC. 
 
3.3.3 Cleavage of SC by BoNT E impairs ternary SNARE complex formation 
The EPR results suggest that although the SN in the t-SNARE complex was bound 
robustly to the syntaxin 1A, the SC was partially bound and destabilized. This destabilization 
was significantly increased for SNAP-25E while the change was confined only within the C-
terminal half for SNAP-25A. We then asked how the increased dynamics of the t-SNARE 
complexes due to the BoNT cleavage affects the formation of the ternary SNARE complex or 
SNARE zippering. 
To answer this question, Linxiang Yin probed SNARE zippering at the membrane 
proximal region of a single trans-SNARE complex assembled between two nanodiscs (Figure 
3A) with smFRET. Experimentally, Linxiang Yin site-specifically labeled VAMP2 A72C 
and syntaxin 1A V241C with the fluorescence donor Cy3 and the fluorescence acceptor Cy5, 
respectively. With the labeled proteins Linxiang Yin prepared two populations of nanodiscs, 
one reconstituted with Cy3-labeled VAMP2 (v-nanodisc) the other with the t-SNARE 
complex (t-nanodisc). The t-SNARE complex was prepared by premixing Cy5-labeled 
syntaxin 1A with either SNAP-25, SNAP-25A, or SNAP-25E. The t-nanodiscs were then 
mixed with v-nanodiscs to allow the formation of the trans-SNARE complex and 
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immobilized onto the polyethylene glycol (PEG)-covered quartz imaging surface via 
streptavidin and biotin-PEG-DSPE conjunction. After washing out free nanodiscs with 
sufficient buffer, the smFRET efficiencies of the single nanodisc pairs were analyzed from 
the fluorescence image. Linxiang Yin found, using photobleaching counting that most 
nanodiscs (~90%) have single fluorescent dyes (Figure S1). Linxiang Yin analyzed the 
nanodisc pairs that have only single acceptor and donor dyes, which was verified with 
photobleaching after the FRET measurements. 
When Linxiang Yin counted the number of co-localized donor and acceptor signals, 
which represented nanodisc-to-nanodisc docking, there was no apparent difference between 
the wild-type SNAP-25 and SNAP-25A. However, Linxiang Yin observed a dramatic 
decrease of docking, as much as a factor of 1/5, with SNAP-25E (Figure 3B).  
Linxiang Yin took a closer look into the docked nanodisc sandwich and further 
examined FRET efficiencies coming from the nanodisc pairs. For wild-type SNAP-25, the 
histogram showed both a low and a high FRET population, which was consistent with the 
results from our previous study (12, 29). For SNAP-25E, the high FRET population 
completely disappeared, although there are some small remaining populations at low FRET 
(Figure 3C). Our observations were quantitatively confirmed by analyzing the high FRET 
fraction of the total docked nanodisc pairs (Figure 3D). Although the overall low and high 
FRET distribution is similar to that of the wild-type for SNAP-25A, ~20% of the high FRET 
population shifted towards the low FRET region which indicates that SNARE zippering was 
mildly hampered due to the cleavage. Thus, the results show that for SNAP-25E both t- and 
v-SNARE pairing and SNARE zippering are severely hampered. However, for SNAP-25A 
the changes are rather mild.  
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For comparison, Linxiang Yin examined the post-fusion state by preparing the cis-
SNARE complex in a nanodisc. The cis-SNARE complex was prepared using VAMP2 
without the transmembrane domain such that the complex is anchored to the nanodisc via the 
transmembrane helix from syntaxin 1A (Figure 3E). Consistent with the previous results, 
Linxiang Yin observed severely diminished v- and t-SNARE pairing for SNAP-25E and 
while no apparent difference between SNAP-25A and wild-type (Figure 3F and G). FRET 
histograms displayed a dominant high FRET population which peaked at E=0.90 for wild-
type SNAP-25 and SNAP-25A, but SNAP-25E did not show any dominant population 
(Figure 3G). The results together suggest that the t-SNARE complex prepared with SNAP-
25E is unable to form a well-structured ternary SNARE complex even in the cis 
conformation. 
 
3.3.4 Cleavage of SC by botulinum toxins decreases/abolishes Ca2+-triggered vesicle 
fusion 
The results from the smFRET experiments suggest that VAMP2’s ability to bind to 
the SNAP-25E t-SNARE complex and form a stable structure is severely diminished. 
However, we observed only mild differences between SNAP-25A and the wild-type in 
SNARE zippering. This was intriguing because previous in vivo studies have documented 
that both BoNT A and E elicit inhibition of synaptic exocytosis (19). Thus, it is possible that 
cleavage by BoNT E inhibits the synaptic vesicles from docking to the plasma membrane, 
while BoNT A inhibits synaptic exocytosis at a later membrane fusion step.  
To test this idea, we examined Ca2+-triggered SNARE-mediated membrane fusion 
with synaptotagmin 1 and complexin. Synaptotagmin 1 is a major Ca2+ sensor that is thought 
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to facilitate Ca2+-triggered SNARE-mediated fusion (30, 31), while complexin is believed to 
tightly regulate membrane fusion (32, 33). By utilizing our in vitro single-vesicle content-
mixing assay, we took a step back from the individual protein-to-protein interactions and 
took a wider view on how the SNAP-25 cleavage products affect docking and membrane 
fusion at the single vesicle level.  
Experimentally, we prepared two populations of vesicles representing the synaptic 
vesicles and the target membrane. The t-vesicles, reconstituted with syntaxin 1A and SNAP-
25, were injected into the flow chamber and tethered on the PEGylated imaging surface. The 
v-vesicles, encapsulated with 20 mM sulforhodamine B (SRB) and reconstituted with 
VAMP2 and synaptotagmin 1, were flown into the flow chamber to allow vesicle docking 
and sufficient buffer exchange removed any unbound v-vesicles. Throughout this process, 
the concentration of complexin was maintained at 100 nM, which has been recently shown to 
confer physiologically relevant Ca2+ sensitivity (34). Once the docked vesicle-vesicle pairs 
were prepared, Ca2+ was injected into the flow cell to trigger membrane fusion (Figure 4A). 
The stepwise increase in the fluorescence intensity of the v-vesicles, due to the fluorescence 
dequenching of SRB, was used to identify content-mixing from individual vesicle pairs 
(Figure 4A and B). 
As expected, while the number of docked vesicles were similar between t-vesicles 
prepared with SNAP-25A and the wild-type, we observed almost no docking with SNAP-
25E (Figure 4C). This agreed well with the aforementioned smFRET experiments. When we 
flew in 10 μM Ca2+, approximately 45% of the docked vesicles-vesicle pairs showed fusion 
with the wild-type, as reported in our previous work (34). However, we observed no fusion 
with both SNAP-25A and SNAP-25E (Figure 4D). Taken together, the results suggest that 
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BoNT E blocks synaptic membrane fusion by prohibiting docking while BoNT A stops 
fusion after docking but prior to the fusion pore opening.  
A previous in vivo study reported that BoNT A can be rescued via treatment of high 
Ca2+ concentrations (19, 23). To test whether our system faithfully recapitulates the in vivo 
results we performed the singe vesicle content-mixing assay using 500 μM Ca2+. Indeed, the 
fusion activity with t-vesicles prepared with SNAP-25A rescued up to ~60% of the wild-
type. Again, fusion was completely abolished with SNAP-25E even at 500 μM Ca2+ (Figure 
4E).  
To further dissect steps where membrane fusion was inhibited, we performed the 
single vesicle-to-vesicle lipid mixing assay (Figure 4F). This assay was prepared identically 
to the content-mixing assay except for incorporating lipid dyes instead of content dyes. By 
doing so we are able to delineate the state of the docked vesicles-vesicle pairs just prior to 
Ca2+ injection. We observed a homogenous FRET histogram centered at E = ~0.4 with the 
wild-type SNAP-25, indicating that hemifusion may be the dominant species prior to the 
Ca2+ injection  However, with SNAP-25A the FRET histogram is spread over a wider range 
and is skewed towards low FRET values (Figure 4G). Meanwhile, the docked vesicle-vesicle 
pairs were extremely rare with SNAP-25E to the extent that obtaining an accurate FRET 
histogram was infeasible. Thus, the results with single vesicle-vesicle content- and lipid-
mixing assays suggest that with the wild-type the vesicles are prepared in the hemifusion 
state ready to fuse upon Ca2+ injection, consistent with the previous observations. In contrast, 
SNAP-25A is incapable of priming the fusion complex while SNAP-25E is even unable to 
mediate vesicle docking.  
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3.4 Discussion 
It is now solidly established that BoNTs inhibit neurotransmitter release from the 
neuron by site-specifically cleaving SNAREs (20). However, the underlying molecular 
mechanisms by which the BoNT shortened SNAREs fail to elicit neurotransmitter release is 
not clearly understood. 
In this work, we investigate the effects of SNAP-25 cleavage by BoNT A and E on 
the initial interactions with syntaxin 1A with EPR, on subsequent interactions and zippering 
with the vesicle (v-) SNARE VAMP2 using single molecule FRET, and on specific 
membrane fusion steps with the single vesicle-vesicle docking and fusion assay. 
By employing a combination of EPR, smFRET and the single vesicle fusion assay, 
we were able to comprehensively dissect how cleavage of SNAP-25, by BoNT A and E, 
impacts SNARE-mediated membrane fusion from the very early steps of SNARE assembly 
through the final steps of membrane fusion. The EPR results show that, in comparison to the 
wild-type, the cleavage of 26 residues at the C-terminal end by BoNT E significantly 
destabilizes the C-terminal SNARE motif (SC). Importantly, the destabilization penetrated 
even into the N-terminal half which serves as the nucleating core for the interaction with 
VAMP2. Consequently, we observed the dramatic decrease of SNARE complex formation 
and vesicle docking, which resulted in almost no membrane fusion even at high Ca2+ 
concentrations. 
While the EPR spectra show that SNAP-25E destabilized the entire SC motif, SNAP-
25A appeared to have milder effect and the destabilization was confined only within the C-
terminal half of SC. Our results suggest that the structural integrity of the N-terminal core of 
the t-SNARE complex is still preserved despite the deletion of the 9 residues at the C-
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terminus. Consequently, the smFRET results with SNAP-25A show that the docking 
probability remains unchanged with the FRET distribution shifted mildly towards low FRET 
values, indicating somewhat impaired SNARE zippering. However, the single vesicle fusion 
results show complete inhibition of fusion with physiologically relevant 10 μM Ca2+. Taken 
together, our results suggest that BoNT A tampers with membrane fusion just prior to the 
fusion pore formation step, in sharp contrast to the case with BoNT E which inhibits at the 
very early step of SNARE complex formation. 
It is remarkable that, despite only being a 17 residue difference in length, SNAP-25A 
and E terminate membrane fusion at completely different steps along the fusion pathway. 
While SNAP-25A is able to support robust docking, SNAP-25E loses its ability to interact 
with VAMP2 almost completely. Thus, the results show that the C-terminal part of SC plays 
an important role in maintaining the stability of the N-terminal core of the t-SNARE complex 
which is necessary for the interaction with VAMP2. For SNAP-25A, the t-SNARE complex 
is able to tolerate the loss of C-terminal 9 residues. However, the loss of 26 residues in 
SNAP-25E is sufficiently large to disrupt the stability of the N-terminal core of the t-SNARE 
complex. 
Now, one might ask why SNAP-25A is able to lead the membrane fusion process up 
to docking but, utterly fail thereafter. We observed some decrease of the high FRET 
population with SNAP-25A, indicating some impaired SNARE zippering with SNAP-25A. 
However, it appeared that the shift was only mild and one might wonder if this is sufficient to 
explain the major blockage of membrane fusion. One possible scenario could be that, 
although not significant individually, this effect could be amplified due to the expected 
cooperativity among the multiple SNARE complexes that are believed to participate at the 
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active zone (35). We also note that the membrane proximal C-terminal region of the SNARE 
complex plays an important role when interacting with synaptotagmin 1 and complexin (19, 
36, 37). Thus, we cannot exclude the possibility that the loss of 9 residues in SNAP-25A 
hampers the necessary interaction with the accessory proteins.  
In the past, clostridial neurotoxins, including BoNT A and E, have played a crucial 
role in identifying SNAREs as the core fusion machinery for neurotransmitter release (18, 
19, 23). In this study, we performed a comprehensive analysis of their impacts on structure 
and dynamics of SNARE complexes and consequential effects on membrane fusion steps, 
which reveals new insights into the mechanism whereby SNARE complex formation is 
coupled to individual fusion steps. 
 
3.5 Materials and methods 
Proteoliposome Reconstitution 
For the single vesicle content mixing assay, molar ratios of lipids used for vesicle 
preparation were 15:63:20:2:0.1 (DOPS: POPC: Cholesterol: PIP2: biotin-PEG-DSPE) for 
the t-vesicles, and 5:75:20 (DOPS: POPC: Cholesterol) for the v-vesicles, respectively. We 
added 1% 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiI) and 1,1'-
Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate (DiD) to 
the v- and t-vesicles, respectively, for the single vesicle lipid mixing assay (Thermo Fisher 
Scientific, Waltham, MA). The lipids were dried in a glass tube with nitrogen gas and stored 
overnight in a vacuum desiccator. The lipid film was resuspended with HEPES buffer 
(25mM HEPES, 100 mM KCl, pH 7.4) whereas, in the single vesicle content mixing assay, 
v-vesicle lipid film was resuspended with HEPES buffer containing 20 mM SRB (Thermo 
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Fisher Scientific, Waltham, MA). After 10 times freeze-thaw cycles between hot water and 
liquid nitrogen, we used an extruder to make unilamellar vesicles with polycarbonate filter 
(100 nm pore size, Avanti Polar Lipids, Alabaster, AL). The binary t-SNARE complex, pre-
mixed at room temperature for 30 min, were mixed with liposomes (10 mM in total lipid 
concentration) while VAMP2 and Syt1 were reconstituted with SRB (20 mM)-containing 
liposomes for ~10 min. We used a 200:1 lipid/protein molar ratio for both t- and v-vesicles. 
The mixture was diluted with HEPES buffer (3 times the lipid/protein mixture volume) and 
then dialyzed in 2 L dialysis buffer at 4°C overnight. For the v-vesicles, free SRB was 
removed using the PD-10 desalting column (GE Healthcare Life Sciences, Piscataway, NJ) 
after dialysis.  
Single vesicle content-mixing assay 
The imaging surface was prepared identical to the nanodisc smFRET experiments. 
We introduced a mixture containing 125 μM t-vesicles with 100 nM Cpx in HEPES buffer 
into the flow chamber. Once t-vesicles were immobilized on the PEGylated surface the 
unbound t-vesicles were washed using HEPES buffer containing 100 μM Cpx. Then mixture 
of 100 nM Cpx and v-vesicles (20 mM SRB) in HEPES buffer was injected and incubated 
for 10 min for vesicle-vesicle docking. The unbound v-vesicles were washed out using 
HEPES buffer containing 100 nM Cpx. We imaged the vesicle-vesicle pairs as we injected 
Ca2+ into the flow chamber. A stepwise jump in the fluorescence intensity was monitored as 
an indication of content-mixing. 
Single vesicle lipid-mixing assay 
The single vesicle lipid mixing experiment was performed identical to the content-
mixing assay with exception of Ca2+. Data from docked vesicle-vesicle pairs were obtained 
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taking multiple images from randomly selected areas in the flow chamber. The immobilized 
spots were analyzed and we measured the FRET efficiencies of individual vesicle pairs and 
plotted onto a histogram. 
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3.7 Figures and legends 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. EPR spectra and analysis of spin-labeled SNAP-25 as monomers and part of 
the binary t-SNARE complex. (A) Schematic representation of the site-directed spin 
labeling EPR of the t-SNARE complex with syntaxin 1A (red) and SNAP-25 (green). SNAP-
25 is denoted with spin labeled positions and BoNT A and E cleavage sites.  The conserved 
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zero layer is represented by a dashed line. The inset depicts chemical structure of the spin 
label (MTSSL) attached to the cysteine side chain. (B) Room temperature EPR spectra for 
A42C and A74C in the SN domain in monomeric SNAP-25 or in the t-SNARE complex. (C) 
Representative EPR spectral subtraction analysis. The composite binary EPR spectrum 
(black) was subtracted by the monomer spectra (red) to obtain the broad, interacting spectral 
component (blue). (D) Bound fraction of the labeled positions (SN domain) in the t-SNARE 
complex obtained from the spectral subtraction analysis. The data are shown as means ± SD. 
(E) Room temperature EPR spectra for the labeled positions in the SC domain in monomeric 
SNAP-25 or in the t-SNARE complex. (F) Bound fraction of the labeled positions (SC 
domain) in the t-SNARE complex obtained from the spectral subtraction analysis. The 
average bound fraction (red) of spin labeled positions G168C, T173C, N175C, and N196C is 
0.61. Position 203 was excluded when calculating the mean due to its position being near the 
end the SC domain which is known to be frayed and unstructured. The data are shown as 
means ± SD. (G) Model of dynamic equilibrium of the SNAP-25. 
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Figure 3. EPR spectra and analysis of 
spin-labeled SNAP-25, SNAP-25A and 
SNAP-25E as monomers or part of the 
binary t-SNARE complex. (A) Schematic 
representation of the site-directed spin 
labeling positions of SNAP-25, SNAP-25A 
and SNAP-25E. The zero layer is denoted 
by a dashed line. (B) Room temperature 
EPR spectra of SNAP-25, SNAP-25A and 
SNAP-25E spin labeled variants on the SN 
motif as monomers or part of the t-SNARE 
complex. (C) EPR spectra of SNAP-25, 
SNAP-25A and SNAP-25E spin labeled 
variants on the SC motif as monomers or 
part of the t-SNARE complex. The red 
arrows point to the broad component of the 
EPR spectra. (D) Bound fraction of the 
labeled positions in the t-SNARE complex 
obtained from spectral subtraction analysis 
for SC and SN motifs are shown in the left and right graph, respectively. The data for SNAP-
25 (black circle), SNAP-25A (orange triangle), and SNAP-25E (blue rectangle) are shown as 
means ± SD.  
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Figure 4. smFRET analysis of the ternary trans- and cis-SNARE complex using nanodiscs. (A) 
Schematic of a nanodisc sandwich harboring a single trans-SNARE complex with the FRET pair at 
the C-terminal region (CC). VAMP2 A72C-Cy3 and syntaxin 1A V241C-Cy5 were used for CC. (B) 
Relative docked nanodisc sandwiches for SNAP-25A and SNAP-25E normalized to SNAP-25 are 
shown as means ± SD. Docking was significantly reduced with SNAP-25E. (C) Histogram of the 
FRET efficiency distribution for SNAP-25 (top), SNAP-25A (middle) and SNAP-25E (bottom). The 
distribution showed two distinct populations in the high and in the low FRET regions for SNAP-25 
and SNAP-25A. The distribution for SNAP-25E is not well organized. Total of 307, 380 and 69 traces 
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were analyzed for SNAP-25, SNAP-25A and SNAP-25E respectively. (D) The fraction of the high 
FRET population from the trans-SNARE complex. Approximately half of the population is 
distributed in the high FRET region for SNAP-25 and SNAP-25A. (E) Schematic a single cis-SNARE 
complex (CC) anchored to a single nanodisc by the syntaxin 1A transmembrane domain. (F) Relative 
co-localized Cy3-Cy5 spots for SNAP-25A and SNAP-25E normalized to SNAP-25. Co-localized 
spots are significantly reduced with SNAP-25E. Data are shown as means ± SD. (G) Histogram of the 
FRET efficiency distribution for SNAP-25 (top), SNAP-25A (middle) and SNAP-25E (bottom). The 
distribution showed one distinct population in the high FRET regions for SNAP-25 and SNAP-25A. 
The distribution for SNAP-25E was not well organized. Total of 422, 411 and 47 traces were analyzed 
for SNAP-25, SNAP-25A and SNAP-25E respectively. (H) The fraction of the high FRET population 
from the cis-SNARE complex. In (B), (D), (F) and (H), the data are shown as means ± SD (*p < 0.05, 
**p < 0.01, and ***p < 0.005 by Student’s t test; n = 3 independent experiments) 
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CHAPTER 4 
PRODUCTIVE AND NON-PRODUCTIVE PATHWAYS  
FOR SYNAPTOTAGMIN 1 TO SUPPORT  
CA2+ TRIGGERED FAST EXOCYTOSIS 
 
4.1 Abstract  
SNARE-mediated Ca2+ triggered membrane fusion is essential for neuronal 
communication. The speed at which this process is orchestrated is further emphasized 
because it serves as a temporal limit for cognitive and physical activities. In this work, we 
expand the proteoliposome-to-supported bilayer fusion assay by successfully incorporating 
synaptotagmin 1 (Syt1). Here we report that Syt1 and Ca2+ together can elicit more than a 50-
fold increase in the number of membrane fusion events. What is more remarkable is that the 
docking-to-fusion delay of ~55% of all vesicle fusion occurs within 20 msec. Further 
analysis reveals that Syt1 binding to t-SNAREs prior to Ca2+ inhibits spontaneous fusion 
leading to a loss of subsequent Ca2+ response. Thus, our results suggest a productive and 
non-productive pathway for Syt1 in which pre-binding of Ca2+ may be required for the 
productive pathway. We believe that the improved membrane fusion assay provides 
unprecedented opportunities to test the mechanistic models for Ca2+-triggered exocytosis in a 
time scale ever closer to the natural one. 
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4.2 Introduction 
The capacities of the human brain to think and remember rely on communication 
among neurons which require neurotransmitter release at the synapse. Thus, the speed of the 
release sets the limit to how fast one can execute cognitive or physical activities. 
One of the truly remarkable features of the neuron is its ability to release 
neurotransmitters in less than 1 msec, in response to the Ca2+ influx (1, 2). Neurotransmitter 
release is achieved by means of synaptic vesicle fusion onto the plasma membrane. The 
protein components that mediate fast membrane fusion have largely been identified and most 
of them are well characterized biochemically and structurally. The highly conserved soluble 
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins are the 
central fusogen (3). Cognate vesicle (v-) SNARE and target plasma membrane (t-) SNAREs 
associate to form a four-stranded coiled coil which drives membrane fusion (4-6). 
Additionally, synaptotagmin 1 (Syt1) is known to be a major Ca2+-sensor (7-9) while 
complexins (Cpx) (10-12) and sec1/Munc18-like (SM) (3, 13) proteins are both believed to 
play intimate roles in tightly regulating membrane fusion. However, the mechanisms 
whereby these protein components orchestrate synchronized vesicle fusion in such a short 
time scale is still unclear at the molecular level. 
An effective and powerful approach to delineate the mechanism may be the in vitro 
reconstitution of the membrane fusion reaction. For example, fusion of v-SNARE-
reconstituted proteoliposomes to t-SNARE-containing supported bilayer, when analyzed with 
single molecule spectroscopy, revealed that SNAREs alone are capable of mediating 
membrane fusion in less than 25 msec (14-16). However, attempts to functionally incorporate 
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Ca2+-sensor Syt1 using this platform have not been successful. Thus, it was impossible to test 
the proposed mechanistic models of Ca2+-triggered exocytosis with this method. 
Meanwhile, an alternative experimental platform which monitors fusion between two 
proteoliposomes has proven effective in dissecting the functions of individual protein 
components. This approach has been used to demonstrate that SNARE proteins are the core 
fusion machinery (6, 17), that Syt1 is the Ca2+-sensor (18, 19), that Cpxs are the clamping 
agent for spontaneous fusion (20), and that Munc18 is part of the core fusion machinery (13). 
It has also been shown that Munc13 is a critical component for quality-controlling t-SNAREs 
to be ready for productive membrane fusion (21). However, when fusion between two single 
proteoliposomes was analyzed with single molecule technique, it turned out that the speed of 
membrane fusion was in the time scale of 1 min, as much as five orders of magnitude slower 
than the natural rate. Such slow speed raises concerns of some critical, missing components 
which are not incorporated in the assay or whether the proteoliposome fusion assay does not 
faithfully reproduce vesicle fusion in vivo. Some suspect that the discrepancy might be due to 
the tight membrane curvature of proteoliposomes which may not closely mimic the relaxed 
curvature of the plasma membrane. Others wonder if our long-standing dogma that SNAREs 
are the core membrane fusion machinery is valid (22). 
In this work, we expand the proteoliposome-to-supported bilayer fusion assay by 
successfully incorporating Syt1. We observe a more than 50-fold increase in the number of 
membrane fusion events in the presence of Ca2+ when compared with those without Syt1. 
Most importantly, more than ~55% of all vesicle fusion occurs within our instrumental time 
limit, camera time resolution of 20 msec, after docking to the bilayer surface. Further 
analysis reveals that Syt1 binding to t-SNAREs prior to Ca2+ clamps spontaneous fusion. 
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However, this pre-binding leads to a failure to respond to Ca2+ in promoting synchronized 
membrane fusion. Thus, our results show that there may be productive and non-productive 
pathways for Syt1 in supporting fast membrane fusion. We suggest possible mechanisms 
whereby Syt1 might be steered to the productive pathway. Importantly, the improved 
membrane fusion assay provides unprecedented opportunities to test the mechanistic models 
for Ca2+-triggered exocytosis in a time scale ever closer to the natural one. 
 
4.3 Result 
4.3.1 SNAREs are capable of driving fast membrane fusion 
SNARE-mediated membrane fusion has been well characterized, both in vivo and in 
vitro, but the molecular mechanisms behind the speed and regulation necessary for cognitive 
function have yet to be elucidated. Despite efforts to reproduce the fast fusion kinetics 
observed in vivo, the vesicle-to-vesicle fusion platform has come up short (6, 18, 20). This 
raises some concerns as to whether this assay faithfully serves as a platform to investigate 
SNARE-mediated neuroexocytosis.  
In recent studies, fast fusion between v-SNARE-reconstituted vesicles (v-vesicles) 
and t-SNARE-reconstituted supported bilayers (t-SBL) was successfully demonstrated (14-
16, 23, 24). This environment displayed the fusion kinetics that better mimic what was 
observed in vivo. The results suggest that SNAREs, without the help of auxiliary proteins, are 
able to elicit sub 25 msec membrane fusion.  
To investigate SNARE-mediated single vesicle-to-SBL fusion in our hands, we 
prepare the t-SBL with PEGylated liposomes following the method previously reported by 
Karatekin and coworkers (23). It has been shown that the PEGylated lipids provide a 
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hydrated cushion between the SBL and the imaging surface which allows for proper 
reconstitution of transmembrane proteins (25). Once the SBL is properly formed we place the 
slide under the total internal reflection fluorescence (TIRF) microscope and start the video 
acquisition for a period of 1 min as we introduce the v-vesicles, which are doped with the 
fluorescent dye DiI, into the flow chamber (Fig. 1A). We are able to monitor individual 
vesicle docking events by counting the immobilized fluorescent spots in the TIRF video (Fig. 
1B). The fusion of the docked v-vesicles onto the SBL is identified by the characteristic 2-
dimensional diffusion of the fluorescent lipid dyes (Fig. 1C). With this setup, we are able to 
monitor the docking rate, the docking-to-fusion delay, and the fusion efficiency in real-time 
(Fig. 1D, E and F). 
We first examine the rate of v-vesicles docking onto the t-SBL. We find, under our 
experimental concentrations, that approximately 20 vesicles dock in our viewing area (~55 
μm x ~110 μm) during a 1 min video recording (Fig. 1E). It is well established that SNARE 
complex formation requires VAMP2, syntaxin 1A, and SNAP-25, and even a single missing 
component fails to elicit docking and fusion. Thus, as a control, we examine the v-vesicles 
docking onto t-SBLs prepared without SNAP-25 or without both SNAP-25 and syntaxin 1A. 
In either case, the vesicles fail to associate with the SBL. Furthermore, to test if vesicle 
docking is exclusively SNARE-mediated we pre-incubate t-SBL with soluble VAMP2 
without the transmembrane domain (VpS). VpS has been frequently used as a competitive 
inhibitor for SNARE-mediated vesicle docking. We observe no docking with VpS as well, 
indicating that the v-vesicle docking to the SBL is SNARE-mediated. Because Ca2+-sensor 
Syt1 is not included at this time, we expect that Ca2+ should not affect either docking or 
membrane fusion. Indeed, when the v-vesicles mixed with 500 μM Ca2+ are injected into the 
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flow chamber we do not observe any apparent changes in docking kinetics when compared 
with the results without Ca2+ (Fig. 1E).  
Next, we take a closer look into the individual docked v-vesicles to examine for 
membrane fusion. We analyze 3 independent recordings and count total 23 fusion events out 
of 62 docked vesicles, which amounts to ~35 % fusion efficiency. Within the fusion 
population ~55 % of the v-vesicles display membrane fusion within 20 msec. Again, the 
fusion kinetics show no significant change in the presence of Ca2+ (Fig. 1E). Thus, our 
results show that SNAREs alone are capable of mediating fast vesicle fusion.  
 
4.3.2 Syt1 increases the probability of fast membrane fusion in the presence of Ca2+ 
Syt1 harbors tandem Ca2+-binding C2 domains that are tethered to the vesicle 
membrane via a transmembrane helix (8, 26). Previously, in their seminal study, Sudhof and 
coworkers used the gain of function and the loss of function mutants of Syt1 to demonstrate 
that the main function of Syt1 as a Ca2+-sensor is to increase the probability of fast 
membrane fusion in response to the Ca2+ signal (7).  
Having observed that SNAREs alone can mediate fast membrane fusion with the SBL 
platform, we now ask if Syt1 and Ca2+ together enhance the membrane fusion probability as 
Sudhof and coworkers asserted. If so, how much enhancement would it have?   
To test this idea we reconstitute both VAMP2 and Syt1 into the vesicles in a 1:1 ratio. 
In order to follow through from docking to membrane fusion in a continuous time frame, the 
vesicles are premixed with Ca2+ and the mixture is injected into the flow cell prepared with t-
SBL. The vesicle concentration here is set to be equal to the case without Syt1 in the 
previous section for the proper comparison (Fig. 2A).   
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We first examine the effect of Syt1 and Ca2+ on docking. It is well established that 
Syt1 assists docking either by its t-SNARE interaction (27, 28) or by direct binding to 
negatively charged lipids (29, 30). To our surprise, while an increased docking rate was 
expected, we observe more than ~540 docking events during our 1 min video recordings with 
500 μM Ca2+ which is an enhancement of ~25 fold when compared with the docking 
numbers in the absence of Syt1 (Fig. 2B and C, Movie 1).  As for the membrane fusion 
profile, we find that ~70% of the docked v-vesicles exhibit membrane fusion, which is a 
factor of two enhancement when compared with the percentage with SNARE only.  Among 
those, ~55% of the fusion population display fusion delay times shorter than 20 msec, similar 
to the case with SNAREs only. In direct comparison with the fusion population observed 
with v-vesicles without Syt1, we find that Syt1 and 500 μM Ca2+ together elicit over a ~50 
fold increase in both fast and total fusion population (Fig. 2D and E). Intriguingly, however, 
most of the enhancement of fast membrane fusion by Syt1 and Ca2+ stems from the ~25 fold 
enhancement of docking and only a ~2 fold increase in fusion-to-docking ratio.   
It is often recognized that lipid mixing does not necessarily report formation of the 
fusion pore. To make sure that the fusion pore is indeed formed, we prepare v-vesicles that 
are loaded with both lipid-reporter DiD and the content-reporter sulforhodamine B (SRB) 
(16, 24) (Fig. 2F). We are able to monitor both lipid mixing and content release via 
simultaneous excitation with red (640 nm) and green (532 nm) lasers. We find that the 
vesicles that do not exhibit lipid diffusion also maintain their content signal. However, fusing 
vesicles display simultaneous sharp decreases in both red and green fluorescent intensities 
(Fig. 2G). This implies that lipid mixing and fusion pore opening occur simultaneously 
within our experimental time resolution of 20 msec. 
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4.3.3 Dissection of membrane fusion steps 
In the experiments presented in the previous section, we premixed Ca2+ with the v-
vesicles. This experimental preparation mimics the pre-binding of Ca2+ to Syt1 prior to 
Syt1’s binding to SNAREs and the target membrane. However, in reality, it is possible that 
Syt1 pre-binds to SNAREs in the absence of Ca2+ in preparation for the Ca2+ influx. In fact, it 
is shown that Syt1 has the capacity to bind the binary t-SNARE complex in the absence of 
Ca2+ (27, 28). To explore the outcomes of this alternative situation, we allow t-vesicles to 
dock to t-SBL before the Ca2+ injection (Fig. 3A). 
When we examine vesicle docking in the absence of Ca2+ we observe a ~6 fold 
increase in docking compared to the results from the vesicles with only VAMP2. This 
enhancement factor falls significantly short of those observed when both Ca2+ and Syt1 are 
present, indicating that Ca2+ might play a role in vesicle docking (Fig. 3B).  
To our surprise, no fast membrane fusion is observed from the docked vesicles, in 
contrast to the fast fusion detected for the experiments with only SNAREs without Syt1. 
Membrane fusion events of docked vesicles are all scattered randomly over the period of our 
experimental time (1 min) (Fig. 3C and D). Nevertheless, the results appear to be somewhat 
consistent with the proposal that Syt1 might function as a fusion clamp of spontaneous fusion 
(31). 
Even more surprising is that the strong enhancement of the fusion probability by Ca2+ 
observed when Ca2+ was pre-bound to Syt1 is completely lost. When we inject Ca2+ after any 
unbound vesicles are washed out with sufficient buffer we do not detect any synchronization 
of membrane fusion events in the 20 msec window. For docked vesicles membrane fusion 
events are again sporadically scattered in the time frame of our observation (1 min) (Fig. 3E 
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and F). Thus, the results show that a priori binding of Syt1 to SNARE complexes in the 
absence of Ca2+ leads to an irreversible off-pathway that does not respond to Ca2+. 
As controls, we evaluate docking and fusion of vesicles reconstituted with both 
VAMP2 and Syt1, with only VAMP2, with only Syt1, onto SBLs with t-SNAREs, with only 
syntaxin 1A, and with t-SNAREs disabled by VpS and without any proteins. Experiments 
with all possible combinations were separately carried out either in the absence or presence 
of 500 µM Ca2+ (Fig. S1A). Although some significant vesicle docking is observed due to 
the Syt1 binding to either the binary t-SNARE complex or the ternary SNARE complex the 
synchronized fusion enhancement by Ca2+ happens only when all three SNAREs and Syt1 
are present (Fig. S1B and C).    
 
4.4 Discussion 
SNAREs alone may have the capability to drive fast membrane fusion. SNARE-
driven fast fusion in the millisecond time scale was observed in previous studies but the 
results had caveats: the requirement of SNAP-25 was not met (15) and fast membrane fusion 
was only observed with the addition of a small soluble fragment of VAMP2 (14). More 
recently, significant fusion enhancement has been observed with Ca2+ even in the absence of 
Syt1, adding further confusion to the issue (16). However, our experiments display fast 
membrane fusion that meets the requirement of SNAP-25 and we observe strong competitive 
inhibition by VpS, confirming that fast membrane fusion is strictly SNARE-dependent. Thus 
our results confirm that SNAREs are indeed capable of driving fast millisecond-time scale 
membrane fusion. 
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When both Syt1 and Ca2+ are incorporated into our system, membrane fusion is 
dramatically enhanced by as much as ~50 fold. Previously, using gain of function and loss of 
function, Sudhof and coworkers reported the increase of the release probability by Syt1 with 
Ca2+ without a significant change in the time scale of the release (7). Our results are fully 
consistent with this in vivo observation and show that, while SNAREs are responsible for the 
fusion kinetics, Syt1 plays a role in controlling the fusion probability. However, caution is 
warranted due to our instrumental limitation (20 msec acquisition time). Although we have 
observed accumulation of fusion events within the first 20 msec with Ca2+, it is still possible 
that these Ca2+-triggered fusion events happen faster than 20 msec. Further investigations 
with a faster instrumentation would resolve this issue. 
It is however quite intriguing that the enhancement of the membrane fusion events by 
Syt1 and Ca2+ are mainly due to the stimulation of vesicle docking although we observed a 
factor of two increase of fusion probability of the docked vesicles. Here, one must be careful 
in interpreting the in vitro data because vesicle docking in in vitro setup closely correlates 
with an initial step in SNARE complex formation. It is believed that initial preassembly of 
the N-terminal half of the SNARE motifs occurs concurrently with vesicle docking. Given 
that, we speculate that Ca2+-activated Syt1 might play a role in promoting the SNARE 
preassembly at the N-terminal region (32) 
Surprisingly, when v-vesicles are allowed to bind to the t-SBL a priori in the absence 
of Ca2+ the results are quite different from the aforementioned results. First, the fast 
membrane fusion that we observed with only SNAREs, without Syt1, disappears. The results 
show that Syt1 might act as an inhibitor of fast SNARE-mediated membrane fusion. Such 
‘clamping’ effects were previously observed by Chapman and coworkers (31). Moreover, the 
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system did not respond to Ca2+ at all. Thus, it appears that Ca2+ binding to Syt1 prior to 
Syt1’s SNARE binding is an essential requirement for the productive Ca2+-triggered fast 
membrane fusion.  
Taking these observations into consideration we propose two pathways for Syt1: the 
productive pathway and non-productive pathway. In the productive pathway, shown in black 
arrows in Fig. 4, Syt1 is able to bind Ca2+ prior to the vesicles docking onto the plasma 
membrane. This significantly increases the fusion probability compared to vesicles that do 
not harbor Syt1. However, in the non-productive pathway, shown in red arrows in Fig. 4, the 
vesicle are allowed to dock to the plasma membrane before Syt1 can bind Ca2+. In this 
pathway, the vesicles are trapped in the docked state where ensuing Ca2+ influx cannot trigger 
membrane fusion.   
How would the proposed non-productive pathway be avoided in vivo by Syt1? It is 
most likely that Syt1 interacts with the binary t-SNARE complex of syntaxin 1A and SNAP-
25. In fact, the Ca2+-independent interaction between these two has been documented many 
times (27, 28). One strategy to avoid such an inadvertent interaction would be to keep 
syntaxin 1A and SNAP-25 separated until Ca2+ influx. Recently, Rizo and coworkers 
proposed a fusion model where Munc13 and Munc18 choreograph the assembly of the t-
binary complex and subsequent SNARE complex formation in a Ca2+ dependent manner (13, 
21). Alternatively, the Syt1 interaction with the binary t-SNARE complex could be sterically 
avoided. Munc13 has been proposed to bridge the synaptic vesicle and plasma membrane and 
enable the formation of a primed state (21). If this gap is large enough the non-productive 
pathway could be avoided.  
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One might ask why fast time scales were not observed in the vesicle-to-vesicle fusion 
assay. This assay has been widely used to gain insights into SNARE-mediated membrane 
fusion and functions of the accessory proteins (13, 18-20). There is a fundamental curvature 
issue in this configuration. Specifically, t-vesicles do not represent the planar synaptic plasma 
membrane well. Fusion between two curved lipid membranes may be energetically more 
unfavorable than fusion between a curved vesicle and the planar membrane. More 
importantly, previous attempts focused on triggering fusion of pre-docked vesicle pairs with 
the Ca2+ injection. This was due in part to the assumption that fusion machinery be pre-
assembled prior to the Ca2+ influx. However, our experiments show that such pre-assembly 
of the fusion machinery may not be required and the fast millisecond-time scale membrane 
fusion can happen even though there is no pre-assembly of the fusion machinery. 
 
4.5 Materials and Methods 
Plasmid Construct and Site-Directed Mutagenesis  
We prepared DNA sequences encoding rat syntaxin 1A (amino acids 1–288 with 
three native cysteines replaced by alanines), VAMP2 (amino acids 1–116 with C103 replaced 
by alanines), VpS (amino acids 1-94), SNAP-25 (amino acids 1–206 with four native 
cysteines replaced by alanines) and inserted them into pGEX-KG vector as N-terminal GST 
fusion proteins. We also prepared rat Syt1 (amino acids 50-421 with four native cysteines 
C74, C75, C77 and C79 replaced by alanines and another C82 replaced by serine) and 
inserted it into pET-28b vector as C-terminal His-tagged proteins. DNA sequences were 
confirmed by the Iowa State University DNA Sequencing Facility. 
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Protein Expression and Purification 
E. coli BL21 Rosetta (DE3) pLysS (Novagen) was used to express the recombinant 
GST fusion proteins VAMP2, SNAP-25, syntaxin 1A and VpS. The cells were grown in LB 
medium at 37 °C with ampicillin (100 μg/mL) until the ~0.6-0.8 absorbance at 600 nm. The 
cells were further grown for another 12 h at 16 °C after induction with the addition of 
Isopropyl β-D-1-thiogalactopyranoside (0.3 mM final concentration). The cell pellets were 
then harvested via centrifugation at 6,000 × g for 10 min and resuspended in PBS at pH 7.4 
containing 2 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 2 mM EDTA, and 2 
mM dithiothreitol. For the transmembrane proteins, in addition to the resuspension buffer we 
added 0.5% Triton X-100. The cells were lysed with sonication immersed in an ice bath. The 
lysed cells were centrifuged at 15,000 × g for 20 min and the supernatant was added onto 
columns with glutathione-agarose beads for 4 °C for 2 h. The unbound proteins were 
thoroughly washed off and thrombin (Sigma-Aldrich) was added to cleave off the GST 
fusion proteins at 4 °C for 16 h. We note that the thrombin cleavage buffer was 50 mM Tris-
HCl, 150 mM NaCl, and pH 8.0 and additional 1% n-octyl glucoside was added for 
transmembrane proteins.  
The C-terminal His-tagged Syt1 (amino acids 51–421) was also expressed in E. coli 
BL21 Rosetta (DE3) pLysS and was puriﬁed identically to the aforementioned protocol with 
exception of using Ni-NTA beads (Qiagen) instead of GST beads. Also, the elution buffer 
was prepared with 25 mM HEPES, 400 mM KCl, 500 mM imidazole and 0.8% OG. All 
purified proteins were examined with 15% SDS-PAGE and the purity was at least 90%. 
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V-vesicle Reconstitution 
We used the following lipid molecules to make v-vesicles: 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS), 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC), 1,1’-
dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI, Invitrogen) and 
cholesterol. All lipids in this study were obtained from Avanti Polar Lipids if not otherwise 
specified. We first mixed lipids with molar ratios of 5:54:40:1 (DOPS: POPC: Cholesterol: 
DiI) and dried it into lipid film using gentle nitrogen gas in a glass tube. The lipid film was 
stored overnight in a desiccator under house vacuum. The lipid film was resuspended with 
buffer containing 25 mM HEPES 100 mM KCl pH 7.4. We made liposomes with 10 flash 
freeze-thaw cycles and large unilamellar vesicles (~100 nm in diameter) were prepared by 
extrusion through the polycarbonate filter (Avanti Polar lipids). VAMP2 and Syt1 was mixed 
with the vesicles such that the lipid to protein ratio was 200:1. The liposome/protein mixture 
was diluted by adding 3 times the volume of the protein lipid mixture and then dialyzed in 2 
L dialysis buffer at 4 °C overnight. 
 
T-SBL Preparation 
The lipid film for the t-SBL was prepared identical to the case of v-vesicles with the 
exception of lipid composition. We used the following lipids: DOPS, POPC, 
phosphatidylinositol-4,5-bisphosphate (PIP2, from porcine brain) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG2000). We 
mixed the lipids using the following molar ratio of 15:78:2:5 (DOPS: POPC: PIP2: 
PEG2000). The lipid film was dried and stored in a desiccator overnight. The lipid film was 
resuspended with buffer containing 25 mM HEPES 100 mM KCL 1% OG pH 7.4. We mixed 
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the resuspended lipid with t-binary complex which was prepared by mixing syntaxin 1A and 
SNAP-25 (1:1.5 molar ratio) for 30 minutes at room temperature. The lipid to t-binary 
complex ratio was 2000:1. Then the liposome/protein mixture was diluted by adding 3 times 
the volume of the protein lipid mixture using 25 mM HEPES 100 mM KCL pH 7.4 and then 
dialyzed overnight at 4 °C in a 2L beaker. 
We subjected the imaging quartz slide to piranha cleaning, boiling mixture of sulfuric 
and hydrogen peroxide, for 20 min. The slides were rinsed with de-ionized water and placed 
in a sonicator for 20 min to rid of any residual acid. We quickly assembled the slides and 
flew in the t-proteoliposomes. We let the t-SBL form for 2 hours at room temperature, 
washed out excess liposomes and let the samples settle for 2 hours. 
 
Single vesicle-to-SBL docking and fusion assay 
We mount the imaging quartz slide on the total internal reflection (TIR) fluorescence 
microscope. Once the angle of the laser (532 nm) required for TIR is calibrated we start 
recording the movie. The imaging area of our setup is approximately 55 um x 110 um. We 
then inject the v-vesicles, prepared according to the experiment, onto the t-SBL and observe 
the signal from the DiI lipids on the v-vesicles. Because we are using the TIR setup, only the 
vesicles that are close to the SBL are detected. Once we acquire a 1 min video, we analyze it 
using our custom built program. We are able to count the number of docking and fusion 
events. We categorized distinct fluorescent signal that are immobilized as docking. 
Furthermore, fusion events are detected by observing the characteristic 2 dimensional 
diffusion of the DiI lipids from the v-vesicle to the t-SBL. Once we have marked and 
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categorized all of the docking and fusion events, we are able to obtain the docking rate, 
fusion rate and the delay time between docking and fusion for each v-vesicle.  
 
4.6 References 
1. Schneggenburger R & Neher E (2000) Intracellular calcium dependence of 
transmitter release rates at a fast central synapse. Nature 406(6798):889-893. 
2. Burgalossi A, et al. (2012) Analysis of neurotransmitter release mechanisms by 
photolysis of caged Ca(2)(+) in an autaptic neuron culture system. Nat Protoc 7(7):1351-
1365. 
3. Sudhof TC & Rothman JE (2009) Membrane Fusion: Grappling with SNARE and 
SM Proteins. Science 323(5913):474-477. 
4. Poirier MA, et al. (1998) The synaptic SNARE complex is a parallel four-stranded 
helical bundle. Nature Structural Biology 5(9):765-769. 
5. Sutton RB, Fasshauer D, Jahn R, & Brunger AT (1998) Crystal structure of a SNARE 
complex involved in synaptic exocytosis at 2.4 angstrom resolution. Nature 395(6700):347-
353. 
6. Weber T, et al. (1998) SNAREpins: Minimal machinery for membrane fusion. Cell 
92(6):759-772. 
7. Fernandez-Chacon R, et al. (2001) Synaptotagmin I functions as a calcium regulator 
of release probability. Nature 410(6824):41-49. 
8. Chapman ER (2008) How does synaptotagmin trigger neurotransmitter release? 
Annual Review of Biochemistry, Annual Review of Biochemistry,  (Annual Reviews, Palo 
Alto), Vol 77, pp 615-641. 
87 
 
9. Brose N, Petrenko AG, Sudhof TC, & Jahn R (1992) Synaptotagmin: a calcium 
sensor on the synaptic vesicle surface. Science 256(5059):1021-1025. 
10. Tang J, et al. (2006) A complexin/synaptotagmin 1 switch controls fast synaptic 
vesicle exocytosis. Cell 126(6):1175-1187. 
11. Giraudo CG, Eng WS, Melia TJ, & Rothman JE (2006) A clamping mechanism 
involved in SNARE-dependent exocytosis. Science 313(5787):676-680. 
12. Xue M, et al. (2007) Distinct domains of complexin I differentially regulate 
neurotransmitter release. Nat Struct Mol Biol 14(10):949-958. 
13. Ma C, Su L, Seven AB, Xu Y, & Rizo J (2013) Reconstitution of the vital functions 
of Munc18 and Munc13 in neurotransmitter release. Science 339(6118):421-425. 
14. Domanska MK, Kiessling V, Stein A, Fasshauer D, & Tamm LK (2009) Single 
Vesicle Millisecond Fusion Kinetics Reveals Number of SNARE Complexes Optimal for 
Fast SNARE-mediated Membrane Fusion. Journal of Biological Chemistry 284(46):32158-
32166. 
15. Liu T, Tucker WC, Bhalla A, Chapman ER, & Weisshaar JC (2005) SNARE-driven, 
25-millisecond vesicle fusion in vitro. Biophys J 89(4):2458-2472. 
16. Kiessling V, et al. (2013) Rapid fusion of synaptic vesicles with reconstituted target 
SNARE membranes. Biophys J 104(9):1950-1958. 
17. Yoon TY, Okumus B, Zhang F, Shin YK, & Ha T (2006) Multiple intermediates in 
SNARE-induced membrane fusion. Proc Natl Acad Sci U S A 103(52):19731-19736. 
18. Lee HK, et al. (2010) Dynamic Ca2+-Dependent Stimulation of Vesicle Fusion by 
Membrane-Anchored Synaptotagmin 1. Science 328(5979):760-763. 
88 
 
19. Kyoung M, et al. (2011) In vitro system capable of differentiating fast Ca2+-triggered 
content mixing from lipid exchange for mechanistic studies of neurotransmitter release. Proc 
Natl Acad Sci U S A 108(29):E304-313. 
20. Lai Y, et al. (2014) Complexin inhibits spontaneous release and synchronizes Ca2+-
triggered synaptic vesicle fusion by distinct mechanisms. Elife 3. 
21. Liu X, et al. (2016) Functional synergy between the Munc13 C-terminal C1 and C2 
domains. Elife 5. 
22. Wickner W & Rizo J (2017) A cascade of multiple proteins and lipids catalyzes 
membrane fusion. Mol Biol Cell 28(6):707-711. 
23. Karatekin E, et al. (2010) A fast, single-vesicle fusion assay mimics physiological 
SNARE requirements. Proc Natl Acad Sci U S A 107(8):3517-3521. 
24. Stratton BS, et al. (2016) Cholesterol Increases the Openness of SNARE-Mediated 
Flickering Fusion Pores. Biophys J 110(7):1538-1550. 
25. Karatekin E & Rothman JE (2012) Fusion of single proteoliposomes with planar, 
cushioned bilayers in microfluidic flow cells. Nat Protoc 7(5):903-920. 
26. Perin MS, Brose N, Jahn R, & Sudhof TC (1991) Domain structure of synaptotagmin 
(p65). J Biol Chem 266(1):623-629. 
27. Rickman C, et al. (2004) Synaptotagmin interaction with the syntaxin/SNAP-25 
dimer is mediated by an evolutionarily conserved motif and is sensitive to inositol 
hexakisphosphate. J Biol Chem 279(13):12574-12579. 
28. Loewen CA, Lee SM, Shin YK, & Reist NE (2006) C2B polylysine motif of 
synaptotagmin facilitates a Ca2+-independent stage of synaptic vesicle priming in vivo. Mol 
Biol Cell 17(12):5211-5226. 
89 
 
29. Kim JY, et al. (2012) Solution single-vesicle assay reveals PIP2-mediated sequential 
actions of synaptotagmin-1 on SNAREs. Embo J. 31(9):2144-2155. 
30. Schiavo G, Gu QM, Prestwich GD, Sollner TH, & Rothman JE (1996) Calcium-
dependent switching of the specificity of phosphoinositide binding to synaptotagmin. Proc 
Natl Acad Sci U S A 93(23):13327-13332. 
31. Chicka MC, Hui E, Liu H, & Chapman ER (2008) Synaptotagmin arrests the SNARE 
complex before triggering fast, efficient membrane fusion in response to Ca2+. Nat Struct 
Mol Biol 15(8):827-835. 
32. Zhou Q, et al. (2015) Architecture of the synaptotagmin-SNARE machinery for 
neuronal exocytosis. Nature 525(7567):62-67. 
 
 
90 
 
4.7 Figures and Legends 
 
Figure 1. SNAREs are capable of mediating fast membrane fusion. (A) Schematics for 
the single vesicle-to-SBL fusion assay. (b) Screen shot (55 μm X 55 μm) of the video 
recording. The red box indicates a docked vesicle. (C) Time lapse of a single membrane 
fusion event; each image is 20 msec apart. The red arrow indicates the time delay between 
docking and the start of fusion. The time delay here is 40 msec. (D) Time traces of slow 
(upper) and fast (below) membrane fusion events are shown. (e) Cumulative counts of 
docking events against time with SNAREs only (red trace). The black trace shows docking in 
the presence and absence of 500 μM Ca2+. Controls with t-SBL deactivated by VpS 
(magenta), with t-SBLs constructed without SNAP-25 (blue), and without both SNAP-25 and 
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syntaxin 1A (green) are also shown. (F) The number of fusion events plotted against the time 
delay between docking and fusion from 3 individual recordings. The upper and lower graphs 
are in absence and presence of Ca2+, respectively. 
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Figure 2. Syt1Syt1 increases the probability of fast membrane fusion in the presence of 
Ca2+. (A) Schematics for the single vesicle-to-SBL fusion assay with Syt1 and Ca2+. (B) 
Screen shot (55 μm X 55 μm) of the video recording. The red box and white circles indicate 
representative docked and fusing vesicles, respectively. (C) Cumulative counts of docking 
events against time. The results with the v-vesicles, reconstituted with Syt1 and VAMP2, are 
shown in black and blue lines for 500 μM and 10 μM Ca2+, respectively. The results with v-
vesicles without Syt1 are also shown in red as a comparison. A representative histogram of 
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fusion events in a single recording are plotted against the time delay (20 msec) between 
docking and fusion for (E) 500 μM Ca2+ and for (e) 10 μM Ca2+. (F) The number of fusion 
events that occurred within the 1st frame (fast fusion) and the sum of those occurred 
thereafter (delayed fusion). The data are shown as means ± SD. (G) V-vesicles are loaded 
with the fluorescent lipid dye DID as well as the content dye SRB for simultaneous 
monitoring of lipid mixing and content release. (H) Representative time traces of lipid 
mixing (red) and content release (green) are shown on the left. On the right, the trace 
representing docking but no lipid mixing and content release is shown. 
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Figure 3. Dissection of membrane fusion steps. (A) Schematics for docking and fusion of 
vesicles with Ca2+-activated Syt1 (left) and a priori docking before Ca2+-activation of Syt1. 
(B) Cumulative count of docking events against time. The black trace is for the v-vesicles, 
reconstituted with Syt1 and VAMP2 while the red trace is for the vesicles with just Syt1. 
Controls without SNAP-25 and with VpS are also shown in blue and green, respectively. (C) 
A representative histogram of fusion events upon docking plotted against the frame delay (20 
msec) between docking and fusion from 1 individual recording. (D) The number of fusion 
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events that occurred within the 1st frame (fast fusion) and the sum occurred thereafter 
(delayed fusion). Syt1 and the gray bars are for vesicles with VAMP2 only but the red bars 
are for those with VAMP2 and Syt1. The data are represented as means ± SD. (E) A 
representative histogram of Ca2+-triggered fusion events plotted against the frame delay (20 
ms) between Ca2+ injection fusion from 1 individual recording. (F) Cumulative plot of fusion 
upon docking in the absence of Ca2+ (black) and Ca2+-triggered fusion against time (red). 
 
 
Figure 4. A mechanistic model for productive and non-productive pathway for fast 
membrane fusion. The productive pathway (black arrows) requires binding of Syt1 with 
Ca2+ prior to its interaction with either t-SNAREs or the lipid membrane for fast membrane 
fusion. However, the vesicles do not respond to Ca2+ if they have already docked, thus being 
trapped in the non-productive pathway (red arrows).  
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CHAPTER 5 
GENERAL SUMMARY 
 
5.1 Conclusion 
The in vitro single vesicle-to-vesicle fusion assays have been extensively used to 
dissect the SNARE-membrane fusion pathways as well as identifying the roles of accessory 
proteins (JWK_REF). However, various groups including ours reported only a mere ~15% 
fusion probability with 500 μM Ca2+. In this study, we have demonstrated that Cpx 
significantly enhances fusion yield and Ca2+ sensitivity. Furthermore, by incorporating Cpx 
mutants, the results suggest that indeed the N-terminal domain is essential for the evoked 
fusion. However, we did not observe a Cpx-mediated increase in synchronicity which 
suggests that Cpx facilitates fusion opposing the “clamping model”. This study not only 
provides characterization of Cpx in a well-defined environment but also serves as a much 
needed platform for future investigations in regulatory functions. 
For instance BoNT A and E are Clostridial neurotoxins that cleave 9 and 26 residues 
off of the C-terminus of SNAP-25, respectively, and while both toxins inhibit synaptic 
exocytosis the molecular mechanisms by which of the shortened SNAP-25 fail to elicit 
fusion are unknown. Furthermore the degree of inhibition for BoNT A is somewhat milder in 
comparison to that of BoNT E in such a way that BoNT A inhibited fusion is somewhat 
rescued with the treatment of high Ca2+ concentration. Because no appreciable fusion yield at 
10 μM Ca2+ was previously observed with in vitro single vesicle fusion assays, investigation 
of the BoNT A and E cleaved SNAP-25 was improbable.  
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With our improved in vitro single vesicle-to-vesicle content mixing assay we were 
able to show that, in agreement with in vivo observations, SNAP-25A is able to facilitate 
fusion at high Ca2+ concentrations but fail to do so at 10 μM Ca2+. What is more interesting is 
that find that SNAP-25A and E terminate membrane fusion via completely different 
mechanisms. While, SNAP-25E is incapable of supporting SNARE pairing SNAP-25A 
facilitates robust SNARE pairing and vesicle docking with somewhat reduced SNARE 
zippering, which leads to severe impairment of fusion pore opening. The EPR results suggest 
that the discrepancy between SNAP-25A and E stems from the extent of the dynamic 
destabilization of the t-SNARE core at the N-terminal half which plays a pivotal role in 
nucleating SNARE complex formation.  
We have shown that the in vitro vesicle-to-vesicle fusion assays is invaluable in 
investigating the SNARE-mediated membrane fusion pathway. However, one of the 
remaining caveats with this assay is that Ca2+-triggered synchronicity was still not observed. 
Thus, we prepared a setup in which the t-vesicles better mimic the planarity of the plasma 
membrane by incorporating the t-SBL. Our vesicle-to-SBL platform demonstrates sub 20 
msec fusion with SNAREs, Syt1 and Ca2+. We show that Syt1 and Ca2+ together significantly 
enhance the fusion probability. Furthermore, Syt1 without Ca2+ seems to clamp or inhibit 
fusion. What is noteworthy is that pre-assembly of SNAREs is not a necessary condition. The 
notion that the SNAREs may be pre-assembled was due to the fast msec time scale observed 
in vivo and slow time scales observed in the reconstitution fusion assays. However, our 
investigation suggests that this is not necessary and that Syt1 interaction in the absence of 
Ca2+ may actually lead to a non-productive pathway.   
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We note that we were not able to observe a Ca2+ triggered fusion of docked vesicle 
with our vesicle-to-SBL platform. This could be due to missing components such as Munc 13 
which is suggested to bridge the vesicle and plasma membrane. If the bridge is sufficiently 
long enough, it is possible that the SNAREs and Syt1 are not able to interact. There is a 
possibility that, as we observed in the Cpx study, that Cpx may need to be present for 
efficient Ca2+ triggered fusion. Thus, further investigation with the SBL platform may 
elucidate synchronicity and Ca2+ triggered fusion. It could well be that Syt1, Cpx and 
SNAREs are capable of mediating the msec time scale but was not previously observable 
because of the vesicle-to-vesicle topology. 
 The development of the in vitro single vesicle-to-SBL platform opens a door for new 
and more exciting research. The aforementioned accessory proteins should be further 
examined with the fusion platform that better recapitulates the essence of SNARE-mediated 
membrane fusion. Also, a re-examination of previous investigations with the vesicle-to-
vesicle assay should be conducted on the SBL platform. Furthermore, because the majority 
of the fast fusion events observed where not distinguishable due to instrumental limitations 
of the EMCCD camera, incorporation of faster imaging methods is warranted and may show 
a significant increase in speed with Syt1, Cpx and Ca2+.  
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